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Description 

[0001] This invention relates to bioimplantable polymeric articles and more particularly to methods of Improving the 
wear resistance and oxidation resistance of such articles. 
5 [0002] Advances in biomedical engineering have resulted in numerous polymeric articles which are able to be im- 
planted within the body. Polymeric components are widely used in orthopedic surgery, for example, to form articulation 
surfaces within artificial joints. Ultrahigh molecular weight polyethylene (UHMWPE) is an example of a polymer that is 
commonly used to form components of artificial joints. 

[0003] Among the properties required of bioimplantable polymeric components, particularly those used in artificial 
10 joints, are low friction, biocompatibility, and good mechanical properties, including excellent resistance to wear. Such 
components must also be sterile before implantation within a patient. 

[0004] Some polymers and medical devices may be adversely affected by heat sterilization, thus such a technique 
is not widely used. Ethylene oxide sterilization is another technique for sterilizing medical devices, but ethylene oxide 
can pose health and environmental risks that render this method less desirable. As a result, a preferred method of 
15 sterilizing many medical devices, including polymeric components, is by exposure to forms of ionizing radiation such 
as gamma rays, x-rays, or electron beam radiation. 

[0005] Presently, sterilization by gamma radiation is a preferred method for sterilizing many medical devices, includ- 
ing bioimplantable polymeric components. One potential effect of gamma radiation sterilization is that the gamma rays 
can initiate chemical reactions within the polymer that can affect the structure, morphology and some mechanical 

20 properties of the polymer. During gamma irradiation a variety of chemical species, such as ions, excited molecules, 
double bonds, oxidation products and free radicals are created within the polymer. Free radicals are believed to be a 
species generated during gamma radiation that may contribute most to changes in the properties of irradiated polymers. 
[0006] Once free radicals are formed within a polymer, these species may participate in at least four types of major 
reactions. The free radicals can undergo a recombination reaction by reacting with hydrogen to eliminate the free 

25 radical, by reacting with carbon molecules to create side chains, or both. Free radicals can also undergo a chain 
scission reaction that results in a decrease in the molecular weight of the polymer, and an increase in the density and 
crystallinity of the polymer, thus causing some mechanical properties of the polymer to degrade. A crosslinking reaction 
is another reaction in which the free radicals can participate. Finally, the free radicals may remain within a polymeric 
material without reacting initially, thus remaining available to react over time as conditions dictate. 

30 [0007] The presence of oxygen in polymeric materials and their surrounding environment can contribute to an oxi- 
dation reaction in which free radicals and dissolved oxygen react to produce a compound with a carbonyl functional 
group, resulting in chain scission and the creation of new free radicals. Oxidation can decrease the molecular weight 
of a polymer (due to chain scission) and contribute to the degradation of its mechanical properties. 
[0008] Sterilization of polymer components by gamma radiation in air is believed to decrease the wear resistance of 

35 polymers due, in part, to oxidation effects. Wear resistance is a key mechanical property for polymeric components 
that are used in joint prostheses. As a result, a current practice is to sterilize polymeric components in an environment 
of an inert gas (e.g., argon, helium, nitrogen) to minimize oxidation effects. See, Kurth, M. et al., "Effects of Radiation 
Sterilization on UHMW-Polyetliyiene" Aniec 87, pp. 1193-1197 (1987); Streicher, RK., Radiol. Phys. Cham., Vol. 31, 
Nos. 4-6, pp. 693-698 (1988); Streicher, R.M., "Improving UHMWPE by Ionizing Radiation Crosslinking During Steri- 

40 lization", 17th Annual Meeting of the Society for BioMaterials, p. 181 (1991). Others have used vacuum techniques to 
help purge an environment of oxygen before conducting gamma radiation sterilization. See, Yong Zhao, et al., J. Appl. 
Polymer Sci.. Vol. 50, pp. 1797-1801 (1993). 

[0009] Wear resistance is a property of great importance to artificial joint components. Natural friction within a re- 
placed, artificial joint can cause minute particles of debris (e.g., particles from a polymeric component) to become 

45 dislodged and to migrate within the joint. This phenomenon of wear debris within artificial joints is a serious problem 
that can inhibit the proper mechanical functioning of the joint. Wear debris can also lead to osteolysis and bone dete- 
rioration. If osteolysis develops around an artificial joint it is usually corrected by surgical removal of the diseased tissue 
and revision of the artificial joint. WO-A-9 427 651 discloses a method of producing an orthopedic device, packing the 
device in an airtight container, subjecting the container to vacuum, sealing the container, applying atmospheric pressure 

50 and subjecting the container to irradiation. 

[0010] Because excellent wear resistance is a property of such importance for polymeric components used to form 
artificial joints, it would be advantageous to be able to provide sterilized polymer components that have improved wear 
resistance. 

[0011] It is thus an object of the invention to provide methods for increasing the wear resistance of bioimplantable 
55 polymeric components. 
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SUMMARY OF THE INVENTION 

[0012] The invention, as defined in clainns 1, 11 and 12, provides methods for increasing the wear resistance of a 
polymeric manufactured part. Each method is particularly w/ell suited to polymeric parts that are biocompatible and that 

5 are intended for use as components of artificial joints. A variety of polymeric materials, particularly UHMWPE, can be 
treated according to the invention to improve wear resistance and to improve oxidation resistance. 
[0013] According to the method of the invention as defined in claim 1, one or more manufactured polymeric parts, 
such as a bioimplantable component, are placed w/ithin one or more gas impermeable, flexible packages. Each package 
has at least one heat scalable opening therein. The packages and the parts therein are then subjected to a relatively 

10 strong vacuum force. While under the influence of the vacuum, the packages are heat sealed and after sealing, hy- 
drostatic pressure is exerted on the part. Typically, the package is heat sealed shortly after initiating the vacuum, and 
usually not more than one-half hour after initiating the vacuum. Next, the packages and the parts that are contained 
within the packages are irradiated for a period of time that is sufficient to sterilize the parts and to promote crosslinking 
of the polymer that forms the part. Various forms of ionizing energy can be used to sterilize the parts. However, the 

15 use of gamma radiation is among the more preferred radiation sterilization techniques. 

[0014] In another embodiment, manufactured polymeric parts can be placed within a packaging container that is 
either flexible or rigid. After minimizing or eliminating the oxygen concentration within the container, the container is 
pressurized to 1 .5 to 4 atmospheres with an inert gas, or with a mixture of an inert gas and hydrogen. Thereafter, the 
parts and the containers are irradiated for a period of time sufficient to sterilize the parts and to promote crosslinking 

20 of the polymer that forms the part. 

[0015] This process has been found to increase the wear resistance of polymeric parts while maintaining other me- 
chanical properties that are important to such parts. An additional benefit of the invention is the improved ability of the 
polymeric parts to resist oxidation. The resulting sterilized part is characterized by a gel content in the range of 75 to 
100%, indicating high levels of crosslinking within the polymer. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 6] Figure 1 is a bar graph which plots wear rate (milligrams of weight lost per 1 million cycles) for various samples 
evaluated in Example 3. 

30 [0017] Figure 2 is a bar graph which plots wear rate (mm^ of wear per 1 million cycles) for various samples evaluated 
in Example 4. 

DETAILED DESCRIPTION OF THE INVENTION 

35 [0018] Many polymeric components, such as those comprising UHMWPE, form articulation surfaces for artificial 
joints. Thus, it is essential that these components possess excellent wear resistance. 

[0019] The present invention provides a method for improving the wear resistance of manufactured polymeric parts. 
According to this process the desired polymeric part is first manufactured by known processes, such as compression 
molding and RAM extrusion. The polymer that forms the part can be low density polyethylene, high density polyethylene, 
40 ultrahigh molecular weight polyethylene, polypropylene, polyester, nylon, polyurethane, poly(methylmethacrylate), or 
other biocompatible polymers typically used in biomedical applications. A preferred polymer is UHMWPE, which is 
commonly used in a variety of orthopedic implants, such as liners for acetabular shells of artificial hip joints, and as 
tibial bearing members in artificial knee joints. 

[0020] In one embodiment, polymeric parts that are to be subjected to the process of the invention are first placed 
45 in a flexible package that has a heat scalable opening therein. Preferably, each part is individually packaged, but more 
than one part can be placed in a single package. The package and the part are then subjected to a relatively high 
vacuum force while the heat scalable opening remains open. The vacuum force is maintained for 10 seconds to 30 
minutes, and preferably for about 30 seconds. Thereafter, the package is heat sealed, while maintaining the vacuum 
force, rendering the package gas impermeable. Once the package is sealed under vacuum, and following removal of 
50 the vacuum force, a hydrostatic guage pressure in the range of 48 to 101 KN/m^ (7 to 14.7 psig) is exerted on the part. 
[0021] The packaging of the polymeric parts in a heat sealed package under vacuum is effective to reduce pressure 
within the package and to remove oxygen from the polymeric material and from the environment within the package. 
Moreover, the hydrostatic pressure which is exerted on the polymeric part is believed to hinder the evolution of hydrogen 
gas from within the polymer during irradiation. 
55 [0022] Following the vacuum heat sealing of the package that contains the polymeric part, the package and the part 
are irradiated for a period of time that is sufficient to sterilize the part and to initiate crosslinking of polymer chains 
within the manufactured part. Various acceptable forms of ionizing radiation can be used to effect the sterilization of 
the part. These radiation forms include gamma rays, x-rays, and electron beam radiation. Currently, the use of gamma 
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radiation is a preferred irradiation technique. 

[0023] In one aspect of the invention the concentration of hydrogen within the pacl<age is in the range of 30 to 100% 
by volume. Preferably, the polymeric part is aged in the hydrogen rich gas within the packaging container for a period 
of time sufficient to enable hydrogen atoms to recombine with any free radicals present within the polymeric parts. 

5 Preferably, a suitable aging period is at least 48 hours following irradiation of the part and the packaging container. 
[0024] The flexible packaging material within which the polymeric parts are sealed can be selected from among many 
types of high barrier, flexible packaging material that are commonly used to enclose medical devices. Preferably the 
packaging material is a multilayered, heat seal peelable packaging material that includes one or more foil layers, various 
polymer layers and a heat seal coating. Examples of suitable materials are those that include the following layers: 

10 polyester film-low density polyethylene-foil-ionomer-heat seal coating. Packaging materials having the following layers 
can also be used: polyester-low density polyethylene-foil-EAA-linear low density polyethylene-heat seal coating; and 
polyester-Surlyn-nylon-Surlyn-foil-EAA-linear low density polyethylene-heat seal coating. Suitable packaging materials 
can be obtained from a variety of sources, including Tolas Health Care Packaging of Feasterville, Pennsylvania. The 
thickness of the packaging material preferably is in the range of 0.05 to 1 .8 mm (2 mil to 7 mil). 

15 [0025] According to the process of the invention, a relatively strong vacuum force is used which is sufficient to remove 
all or substantially all oxygen from within the package and the adjacent environment. The vacuum force utilized is in 
the range of 500 to 1013 mbar. A preferred vacuum force is approximately 1000 mbar. Typically, the vacuum force is 
exerted upon the package and the polymeric material for 1 0 seconds to 30 minutes, and preferably for about 30 seconds. 
While the vacuum force is maintained, the package is heat sealed, rendering it impermeable to gases. Techniques for 

20 heat sealing such packaging material while under vacuum force are readily available to those of ordinary skill in the 
art. Suitable vacuum packaging equipment that is capable of heat sealing packages under vacuum will be known to 
those of ordinary skill in the art. An example of a suitable vacuum packaging apparatus is a MultiVac A342 apparatus, 
available from Multivac, Inc. of Kansas City, Missouri. 

[0026] As noted above, the packaged polymeric material preferably is irradiated using gamma radiation. The gamma 

25 radiation is administered for a duration and at a dose level which is known to be acceptable for sterilizing medical 
devices. A dose of 20-60 KGy usually is acceptable, while 35 to 50 KGy is preferred. The irradiation step typically 
continues for approximately 10 minutes up to about several hours and most preferably for one to three hours. 
[0027] In another embodiment, manufactured polymeric parts can be placed in either a rigid or a flexible container. 
Substantially all of the oxygen within the container is first evacuated. Next, the container is pressurized with an inert 

30 gas (e.g. argon, helium or nitrogen), or with a mixture of an inert gas and hydrogen, to 1.5 to 4 atmospheres. Subse- 
quently, the container and the enclosed polymeric parts are irradiated (using gamma, x-ray, or electron beam radiation) 
to an extent sufficient to sterilize the parts and to promote crosslinking of the polymer that forms the parts. 
[0028] A variation of this embodiment can also be utilized by dispensing of the need to evacuate the container. 
According to this variation, the container is first flushed with a sufficient amount of an inert gas to displace any oxygen, 

35 and then the container is pressurized to the desired level with an inert gas, or with a mixture of an inert gas and hydrogen. 
[0029] A pressurizing gas that is a mixture of an inert gas and hydrogen preferably is hydrogen enriched. The hy- 
drogen enriched inert gas mixture should have a minimum of 2.2 x 10-3 moles of hydrogen gas per gram of polymeric 
material within the packaging container. In addition, the hydrogen gas within the volume of the packaging container 
preferably is in the range of 30% to 95% by volume. 

40 [0030] In this embodiment it may also be useful to age the polymeric part following irradiation, for a period of time 
sufficient to enable hydrogen atoms to recombine with any free radicals within the polymeric parts. A suitable time 
period preferably is at least 48 hours. 

[0031] One of ordinary skill in the art can readily choose a suitable packaging container suitable to be pressurized 
to 1.5 to 4 atmospheres with an inert gas. Any flexible container that is utilized must, of course, have seals strong 

45 enough to withstand the pressures to which it will be subjected. 

[0032] The irradiation of polymers is known to create a variety of chemical species, including free radicals, within 
the chains of the polymer. Free radicals, as noted above, can participate in a number of reactions. It is believed that 
the technique of the present invention creates a chemical environment that favors free radicals participating in crosslink- 
ing reactions with adjacent polymer chains due to the lack of oxygen available in the system for oxidation reactions. 

50 Further, irradiation of the polymer also results in the evolution of hydrogen gas in a quantity that is proportional to the 
quantity of free radicals created. It is further believed that the use of a technique which packages the polymeric part 
in a gas impermeable, flexible container, under vacuum, causes hydrostatic pressure to be exerted on the bulk material. 
The processes of the present invention are believed to be effective to inhibit the diffusion of hydrogen out of the material. 
In addition, in embodiments where the packaging container is charged to 1 .5 to 4.0 atmospheres with an inert gas, the 

55 elevated pressure is believed to inhibit hydrogen diffusion. In other embodiments, the use of a flexible packaging 
container is believed to enable the developed hydrostatic pressure to hinder diffusion of hydrogen out of the material. 
These phenomena are believed to help reduce the number of free radicals present within the bulk polymer, thus further 
reducing the potential for oxidation of the material. 
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[0033] As noted above, the techniques of the present invention are believed to contribute to reducing the annount of 
hydrogen that diffuses from the bulk polymer, thus maintaining more hydrogen within the polymer. This phenomenon 
is believed to minimize the extent of chain scission reactions w/ithin the polymer since the hydrogen within the polymer 
evidently decreases the number of free radicals within the polymer available to participate in oxidation reactions by 

5 recombining with the free radicals. Following packaging, the concentration of hydrogen within the packaging container 
is maintained below 2.2 x 10-5 moles/gram, and more preferably at about 1.83 x 10"^ moles/gram. 
[0034] The present invention is also believed to contribute to extensive crosslinking within the polymer. This crosslink- 
ing is believed to be responsible for increasing the wear resistance of the polymer since molecular weight is increased 
and chain scission is less prevalent. 

10 [0035] The following examples serve to further illustrate the invention. 

EXAMPLES 
Example 1 

15 

[0036] Disks having a diameter of 25.4 mm and a thickness of 12.7 mm were machined from compression molded 
UHMWPE (GUR 412, available from Poly Hi Solidur/Meditech of Vreden, Germany). The disks were then sealed in 
flexible, polymer coated/aluminum foil packages under the following conditions. One set of samples was exposed to 
a 1 ,000 mbar vacuum prior to sealing of the package, another set of samples was packaged and sealed in air at -300 

20 mbar, and a third set of samples was exposed to vacuum force of 1 000 mbar then backfilled with nitrogen to a pressure 
of -300 mbar prior to sealing. After sealing, all samples were gamma irradiated with a dose of 40 KGy for about 2 hours 
20 minutes. Hydrogen gas composition within the packages was measured after sterilization. All measurements were 
conducted at the same temperature (23° C) and the pressure inside the bag was equal after sterilization for all samples, 
i.e., the stiffness of the packages did not contribute to the final package volume. The data obtained are presented in 

25 Table 1. 



Table 1: 



Hydrogen Gas Measurement 




Hydrogen Gas (moles/g) 


Sample 


Vacuum 


Air 


Nitrogen 


1 


1.81 X 10-5 


2.35x10-5 


2.40 X 10-5 


2 


1.87 x 10-5 


2.37 X 10-5 


2.39 X 10-5 


3 


1.94 X 10-5 


2.76 X 10-5 


2.30x10-5 


4 


1.75 X 10-5 


2.40 x 10-5 




5 


1.79 X 10-5 


2.29 X 10-5 




6 




2.58 X 10-5 




Avg 


1,83 X 10-5 


2.46 X 10-5 


2.36x10-5 


Std. Dev. 


7.29 X 10-7 


1.59 X 10-6 


5.38 x 10-7 



45 [0037] The data of Table 1 indicates that a significantly lesser amount of hydrogen was present within the packages 
of samples that were processed according to the technique of the present invention. Presumably, more hydrogen 
remains present within the bulk polymer as the hydrostatic pressure exerted on the polymer hinders the diffusion of 
hydrogen from the polymer. 

50 Example 2 

[0038] The gel content of UHMWPE samples was determined according to Method C of ASTM D2765-90 to assess 
the degree of crosslinking within the polymer. UHMWPE films, 200 microns thick and weighing 0.6 grams, were skived 
from compression molded GUR 412 UHMWPE. Five films were packaged in air while five films were packaged under 
55 a 1 000 mbar vacuum in a manner identical to that used in Example 1 . After packaging, all the samples were sterilized 
using gamma radiation at 40 KGy for 2 hours 20 minutes. 

[0039] The data illustrated in Table 2 indicate that the samples irradiated in air developed no gel. This implies that 
the number average molecular weight of these samples was reduced from approximately 3,000,000 to less than 
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500,000. Conversely, the vacuum packaged samples had an average gel content of 87.98%, indicating that extensive 
crosslinking had occurred within these samples. 

Table 2: 



Gel Content 


Sample 


Vacuum Packaged 


Air Packaged 


1 


88.75 


0 


2 


88.33 


0 


3 


87.60 


0 


4 


86.98 


0 


5 


88.25 


0 


Avg 


87.98 


0 



[0040] The wear resistance of UHMWPE components processed according to the present invention was also eval- 
uated as explained in Examples 3 and 4. 

Example 3 



[0041] Ten hip cup liners were machined from compression molded GUR 41 2 UHMWPE. Five were packaged under 
vacuum and five were packaged in air according to the procedure explained in Example 1. Ten other hip cup liners 
were machined from RAM extruded GUR 41 5 UHMWPE (available from Poly Hi Solldurof Fort Wayne, Indiana). These 
samples were tested using a 12-station MATCO/PM-MED hip simulator. This simulator is a computer-controlled hy- 
draulic system that produces a biaxial rocking motion of the cups, which is synchronized with the Paul hip loading curb 
(Paul, J.P., Proc. Inst. Mech. Eng., 181(3J):8-15, 1966). A body weight of 756 N was used, which results in a maximum 
applied load of 1 966 N. All simulator tests were run at 1 .1 Hz for at least two million cycles. At seven selected intervals, 
polyethylene wear was measured on the basis of sample weight loss. All weight loss values were corrected for sample 
fluid absorption by measuring the weight gains of several untested samples soaked in serum at identical intervals. 
Wear rates were determined by linear regression of the wear data, beginning after an initial nonlinear period (about 
100,000 cycles). Total wear was determined by subtracting the final weight for each sample from the initial weight 
(approximately 6 grams) and correcting for weight gain due to fluid absorption as described above. 
[0042] Data illustrated in Figure 1 indicate that the samples packaged and irradiated in air lost approximately 30 
milligrams of weight during the test period while samples packaged under vacuum lost only about 16 milligrams of 
weight during the testing period. Similarly, the RAM extruded UHMWPE samples resulted in a greater weight loss for 
air packaged samples (about 28 mg) than for vacuum packaged samples (about 17 mg). 

[0043] The increased weight loss of the air packaged and irradiated samples is indicative of a lower resistance to 
wear which evidently results from chain scission reactions that take place within the polymer, thus reducing the mo- 
lecular weight of the polymer. 



Example 4 

[0044] Wear resistance was also evaluated according to another technique in which erosion of a sample caused by 
revolution of the sample under a metal pin was evaluated. According to this experiment, ten samples of compression 
molded UHMWPE (GUR 412) disks were obtained together with ten samples of RAM extruded UHMWPE (GUR 41 5). 
All samples had the dimensions of 1 .25 inches diameter and 0.25 inch thickness. Five samples of each material type 
were packaged and irradiated in air while five samples of each material type were packaged and irradiated under 
vacuum, as specified in Example 1. 

[0045] Following packaging and irradiation, each sample was evaluated for wear resistance by a "Pin-on-Disk" tech- 
nique. According to this technique, a metal pin having a diameter of approximately 0.25 inch was placed in contact 
with a surface of each of the test samples. The pin was loaded to 152 N while the disk was rotated at 112 rpm. The 
wear track created by the metal pin was measured at 5 intervals over 2,000,000 cycles using a profilometer to detect 
volume changes in the UHMWPE sample. A linear regression was performed on the volume changes over the second 
through the fifth measurements to determine the wear rate. 

[0046] As illustrated in Figure 2, the GUR 412 compression molded samples packaged and in-adiated in air demon- 
strated a significantly greater wear rate (1 .01 mm^/l ,000,000 cycles) than did the samples that were packaged and 
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irradiated under vacuum (0.48 mm^/l ,000,000 cycles). The RAM extruded GUR 415 samples demonstrated a less 
significant reduction in wear rate for the vacuum packaged and irradiated samples. As shown in Figure 2, the air 
packaged and irradiated samples demonstrated the wear rate of 0.78 mm^/l ,000,000 cycles, while the vacuum pack- 
aged and irradiated samples demonstrated a wear rate of 0.74 mm^/l ,000,000 cycles. 
5 [0047] A second wear criterion was also used in conjunction with this evaluation. Pitting of the wear track was qual- 
itatively evaluated to further assess the effects of wear. Table 3 illustrates this data in which pits present within a wear 
track were observed. 



Table 3: 



Track Pitting 




Presence of Pits In Sampled Wear Tracks 


Sample 


Air Sterilized 


Vacuum Sterilized 


GUR 412 


3 of 6 samples 


0 of 6 samples 


GUR 415 


2 of 6 samples 


0 of 6 samples 



Claims 

20 

1. A method for improving the wear resistance of a polymeric manufactured part, comprising the steps of 

providing one or more manufactured polymeric parts; placing the parts in one or more gas impermeable, 
flexible packaging containers 

25 

wherein each container has at least one heat sealable opening therein; 

subjecting the packaging container and the polymeric parts to a vacuum force; heat sealing the flexible pack- 
aging container while subjected to the vacuum force and, upon sealing of the packaging container, exerting a 
hydrostatic pressure on the 

30 irradiating the heat sealed packages and the parts under the pressure for a period of time sufficient to sterilize 

the parts and 

following the step of irradiating, ageing the polymeric parts within the atmosphere of the packaging container 
for a period of time; 

wherein the vacuum force is sufficient to remove substantially all of the oxygen from within the packaging 
35 container, 

the vacuum force being in the range of 500-1013 mbar. 

2. The method of claim 1 , wherein the hydrostatic gauge pressure exerted on the part is in the range of 48 to 1 01 
KN/m2 (7 to 14.7 psig). 

3. The method of claims any one of the preceding, wherein any gas within the flexible packaging container after 
irradiation has less than 2.2 x 10-5 moles/g of hydrogen. 

4. The method of any one of claims 1 to 3, wherein, following the step of irradiating, the part is characterized by a 
45 gel content in the range of 75 to 100% as determined by Method C of ASTM D2765-90. 

5. The method of any one of claims 1 to 4, wherein the flexible packaging container is manufactured of a metal foil 
that is surrounded by one or more layers of a polymer film. 

50 6. The method of any one of claims 1 to 5, wherein the polymeric part is made from a polymer selected from the 
group consisting of low density polyethylene, high density polyethylene, ultrahigh molecular weight polyethylene, 
polypropylene, polyester, nylon, polyurethane, and poly(methylmethacrylate). 

7. The method of any one of claims 1 to 6, wherein the polymeric part is made from an ultrahigh molecular weight 
55 polyethylene having a number average molecular weight greater than 1 .0 million. 

8. The method of claim 6 or claim 7, wherein the polymeric part is manufactured by a compression molding process. 
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9. The method of claim 6 or claim 7, wherein the polymeric part is manufactured by a RAM extrusion process. 

10. The method of any one of claims 1 to 9, wherein the hydrogen rich atmosphere within the container has approxi- 
mately 30% to 100% hydrogen by volume. 

11. A method for improving the wear resistance of a polymeric manufactured part, comprising the steps of: 

providing one or more manufactured polymeric parts; 

placing the parts in one or more sealable, gas impermeable packaging containers; 
10 removing substantially all of the oxygen from within the packaging container; 

pressurizing the packaging containers with an inert gas at a pressure greater than 1 .5 to 4.0 atmospheres; 
irradiating the pressurized containers and the polymeric parts for a period of time sufficient to sterilize the 
parts; and 

following the step of irradiating, the method further comprises the step of ageing the polymeric parts within 
15 the atmosphere of the packaging container for a period of time. 

12. A method for improving the wear resistance of a polymeric manufactured part, comprising the steps of: 

providing one or more manufactured polymeric parts; 
20 placing the parts in one or more sealable, gas impermeable packaging containers; 

removing substantially all of the oxygen from within the packaging container; 

pressurizing the packaging containers with a mixture of hydrogen gas and an inert gas at a pressure greater 
than 1 .5 atmospheres; 

irradiating the pressurized containers and the polymeric parts for a period of time sufficient to sterilize the 
25 parts; and 

aging the part within the atmosphere of the irradiated packaging container for a period of time. 

13. The method of claim 12, wherein the mixture of hydrogen gas and an inert gas is characterized by a minimum of 
2.2 X 10-3 moles of hydrogen gas per gram of polymeric material within the packaging container and a volumetric 

30 concentration of hydrogen within the container in the range of 30% to 95%. 

14. The method of any one of claims 11 to 13, wherein the part is aged within the packaging container for at least 48 
hours. 

35 15. The method of any one of claims 11 to 14, wherein the step of removing the oxygen from within the packaging 
containers is effected by flushing the container with an inert gas. 

16. The method of any one of claims 11 to 14, wherein the step of removing the oxygen from within the packaging 
containers is effected by applying a vacuum force to the containers. 

40 

17. The method of any one of claims 11 to 16 wherein the inert gas is selected from the group consisting of argon, 
helium, and nitrogen. 

18. The method of any one of claims 11 to 17, wherein the packaging container is rigid. 

45 

19. The method of any one of claims 11 to 17, wherein the packaging container is flexible. 

20. The method of any one of claims 11 to 19, wherein the step of irradiating is carried out using gamma, x-ray, or 
electron beam radiation. 

50 

21 . The method of claim 20, wherein the step of irradiating is carried out until a dose of 20-60 KGy has been achieved. 



Patentanspriiche 

55 

1. Verfahren zur Verbesserung der Verschleiftfestigkeit eines auf Polymerbasis hergestellten Tells, umfassend die 
Schritte von 

Bereitstellen eines oder mehrerer auf Polymerbasis hergestellter Telle; 
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Anordnen der Teile in einem oder mehreren gasundurchlassigen, flexiblen Verpackungsbehaltern, wobei Jeder 

Behalter zumindest eine heiflsiegelfahige Offnung darin aufweist; 

Aussetzen des Verpackungsbehalters und der Polymerteile an eine Vakuumkraft; 

Heiflsiegein des flexiblen Verpackungsbelialters, wahrend er der Vakuumkraft ausgesetzt ist, und nach Versiegein 
des Verpackungsbehalters Ausiiben eines hydrostatischen Drucks auf das Teil; 

Bestrahlen der lieiUversiegelten Verpackungen und der Teile unter Druck fur eine Zeitspanne, die ausreichend ist, 
urn die Teile zu sterilisieren; und 

nachfolgend dem Schritt der Bestrahlung, Alterung der Polymerteile innerhalb der Atmosphare des Verpackungs- 
behalters fur eine Zeitspanne; 

wobei die Vakuumkraft ausreichend ist, um im Wesentlichen den gesamten Sauerstoff aus dem Verpackungsbe- 
halterzu entfernen, wobei die Vakuumkraft im Bereich von 500 bis 1013 mbar liegt. 

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass 

der hydrostatische Uberdruck, der auf das Teil ausgeubt wird, im Bereich von 48 bis 101 kN/m^ (7 bis 14,7 psig) 
liegt. 

Verfahren nach einem der vorangehenden Anspruche, dadurch gekennzeichnet, dass alles Gas innerhalb des 
flexiblen Verpackungsbehalters nach der Bestrahlung weniger als 2,2 x lO-^ mol/g an Wasserstoff aufweist. 

Verfahren nach einem der Anspruche 1 bis 3, dadurch gekennzeichnet, dass nachfolgend dem Schritt der Be- 
strahlung das Teil durch einen Gelgehalt im Bereich von 75 bis 100%, bestimmt durch das Verfahren C von ASTM 
D2765-90, charakterisiert ist. 

Verfahren nach einem der Anspruche 1 bis 4, dadurch gekennzeichnet, dass 

der flexible Verpackungsbehalter aus einer Metallfolie hergestellt ist, die von einer oder mehreren Lagen eines 
Polymerfilms umgeben ist. 

Verfahren nach einem der Anspruche 1 bis 5, dadurch gekennzeichnet, dass 

das Polymerteil aus einem Polymer gebildet ist, das aus der Gruppe umfassend Polyethylen mit geringer Dichte, 
Polyethylen mit hoher Dichte, Polyethylen mit extrem hohem Molekulargewicht, Polypropylen, Polyester, Nylon, 
Polyurethan und Poly{methylmethacrylat) ausgewahit ist. 

Verfahren nach einem der Anspruche 1 bis 6, dadurch gekennzeichnet, dass 

das Polymerteil aus einem Polyethylen mit extrem hohem Molekulargewicht, das ein zahlenmaliiges durchschnitt- 
liches molekulares Gewicht von graUer als 1,0 Mio. aufweist, gebildet ist. 

Verfahren nach Anspruch 6 oder 7, dadurch gekennzeichnet, dass 
das Polymerteil durch ein Pressverfahren hergestellt ist. 

Verfahren nach einem der Anspruche 6 oder 7, dadurch gekennzeichnet, dass 
das Polymerteil durch ein Kolbenstrangpressverfahren hergestellt wird. 

Verfahren nach einem der Anspruche 1 bis 9, dadurch gekennzeichnet, dass 

die wasserstoffreiche Atmosphare innerhalb des Behalters einen Volumenanteil von 30% bis 100% Wasserstoff 
aufweist. 

Verfahren zur Verbesserung der VerschleiEfestigkeit eines auf Polymerbasis hergestellten Tells, umfassend die 
Schritte: 

Bereitstellen eines oder mehrerer auf Polymerbasis hergestellter Teile; 

Anordnen der Teile in einem oder mehreren versiegelbaren, gasundurchlassigen Verpackungsbehaltern; 
Entfernen im Wesentlichen des gesamten Sauerstoffs aus dem Verpackungsbehalter; unter Druck setzen der 
Verpackungsbehalter innerhalb eines inerten Gases bei einem Druck, der groBer als 1 ,5 bis 4,0 Atmospharen 
ist; 

Bestrahlen der unter Druck gesetzten Behalter und der Polymerteile fur eine Zeitspanne, die ausreichend ist, 
um die Teile zu sterilisieren; und 

nachfolgend dem Schritt der Bestrahlung, umfasst das Verfahren ferner den Schritt der Alterung der Polymer- 
teile innerhalb der Atmosphare des Verpackungsbehalters fiir eine Zeitspanne. 
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12. Verfahren zur Verbesserung der Verschleidfestigkeit eines auf Polymerbasis hergestellten Teils, umfassend die 
Schritte von: 

Bereitstellen eines oder metirerer auf Polymerbasis hergestellten Teile; 
5 Anordnen der Teile in einem oder mehreren versiegelbaren, gasundurchlassigen Verpacl<ungsbehalter; 

Entfernen im Wesentlichen des gesamten Sauerstoffs aus dem Verpaokungsbehalter; 
unter Druck setzen der Verpaokungsbehalter mit einer Mischung aus Wasserstoffgas und einem inerten Gas 
bei einem Druck, der grofler als 1 ,5 Atmospharen ist; 

Bestrahlen der unter Druck gesetzten Behaiter und der Polymerteile fur eine Zeitspanne, die ausreichend ist, 
10 um die Teile zu sterilisieren; und 

Alterung des Teils innerhalb der Atmosphare des bestrahlten Verpackungsbehalters fur eine Zeitspanne. 

13. Verfahren nach Anspruch 12, dadurch gekennzeichnet, dass 

die Mischung aus Wasserstoffgas und einem inerten Gas durch einen minimalen Anteil von 2,2 x 10-^ mol an 
^5 Sauerstoffgas pro g an Polymermaterial innerhalb des Verpackungsbehalters und eine Volumenkonzentration an 

Wasserstoff innerhalb des Behalters im Bereich von 30% bis 95% charakterisiert ist. 

14. Verfahren nach einem der Anspruche 11 bis 13, dadurch gekennzeichnet, dass 
das Tell innerhalb des Verpackungsbehalters fur zumindest 48 Stunden gealtert wird. 

20 

15. Verfahren nach einem der Anspruche 11 bis 14, dadurch gekennzeichnet, dass 

der Schritt des Entfernens des Sauerstoffs aus den Verpackungsbehaltern durch Spulen des Behalters mit einem 
inerten Gas erreicht wird. 

25 16. Verfahren nach einem der Anspruche 11 bis 14, dadurch gekennzeichnet, dass 

der Schritt des Entfernens des Sauerstoffs aus den Verpackungsbehaltern durch Anwendung einer Vakuumkraft 
auf die Behaiter erreicht wird. 

17. Verfahren nach einem der Anspruche 11 bis 16, dadurch gekennzeichnet, dass 

30 das inerte Gas aus einer Gruppe umfassend Argon, Helium und Stickstoff, ausgewahit ist. 

18. Verfahren nach einem der Anspruche 11 bis 17, dadurch gekennzeichnet, dass 
der Verpaokungsbehalter steif ist. 

35 19. Verfahren nach einem der Anspruche 11 bis 17, dadurch gekennzeichnet, dass 
der Verpaokungsbehalter flexibel ist. 

20. Verfahren nach einem der Anspruche 11 bis 19, dadurch gekennzeichnet, dass 

der Schritt des Bestrahlens unter Verwendung von Gamma-, Rontgen- oder Elektronenstrahlstrahiung ausgefuhrt 
40 wird. 

21. Verfahren nach Anspruch 20, dadurch gekennzeichnet, dass 

der Schritt der Bestrahlung durchgefuhrt wird, bis eine Dosis von 20 bis 60 KGy erreicht worden ist. 

45 

Revendications 

1. Precede d'amelioration de la resistance a I'usure d'une partie fabriquee en polymere, comprenant les etapes : 

50 d'apporter une ou plusieurs parties fabriquees en polymere ; 

de placer les parties dans un ou plusieurs reservoirs d'emballage flexibles, impermeable aux gaz, chaque 

reservoir possedant au moins une ouverture scellable thermiquement ; 

de soumettre le reservoir d'emballage et les parties en polymere a une force de vide; 

de sceller thermiquement le reservoir d'emballage flexible alors qu'il est soumis a une force de vide et apres 
55 scellement du reservoir d'emballage, d'exercer une pression hydrostatique sur la partie ; 

d'irradier I'emballage scelle thermiquement et les parties sous pression pendant une duree de temps suffisante 

pour steriliser les parties ; et 

suite a I'etape d'irradiation, vieillissement des parties polymere dans I'atmosphere du reservoir de I'emballage 
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pendant une periode de temps ; 

dans lequel la force de vide est suffisante pour eliminer en grande partie tout Toxygene a I'interieur du re- 
servoir de I'emballage ; 
5 la force de vide etant dans le domaine de 500-1013 mbars 

2. Precede selon la revendication 1 , caracterisee en ce que la pression hydrostatique de la jauge exercee sur la 
partie est dans le domaine de 48 a 101 KN/m^ (7 a 14,7 psig). 

10 3. Precede selon I'une quelconque des revendications precedentes, caracterise en ce que tout gaz contenu dans 
le reservoir d'emballage flexible, apres irradiation, contient moins de 2,2 x 10"^ mole/g d'hydrogene. 

4. Precede selon Tune quelconque des revendications 1 a 3, caracterise en ce que, suite a I'etape d'irradiation, la 
partie est caracterisee par un contenu en gel dans le domaine de 75 a 1 00 % tel que determine par la methode 

15 de la norme ASTM D2765-90. 

5. Precede selon I'une quelconque des revendications 1 a 4, caracterise en ce que le reservoir de I'emballage 
flexible est fabrique avec une feuille metallique qui est entouree par une ou plusieurs couches d'un film polymere. 

20 6. Precede selon I'une quelconque des revendications 1 a 5 caracterise en ce que la partie est fabriquee avec un 
polymere choisi, dans le groupe comprenant du polyethylene basse densite, du polyethylene haute densite, du 
polyethylene de masse moleculaire tres elevee, du polypropylene, du polyester, du nylon, du polyurethanne, et 
du poly(methylmethacrylate). 

25 7. Precede selon I'une quelconque des revendications 1 a 6, caracterise en ce que la partie polymere est fabriquee 
avec un polyethylene de masse moleculaire tres elevee ayant une masse moleculaire moyenne en nombre supe- 
rieure a 1,0 million. 

8. Precede selon la revendication 6 ou la revendication 7, caracterise en ce que la partie polymere est fabriquee 
30 par un precede de moulage par compression. 

9. Precede selon la revendication 6 ou la revendication 7, caracterise en ce que la partie polymere est fabriquee 
par un precede d'extrusion RAM. 

35 1 0. Precede selon I'une quelconque des revendications 1 a 9, caracterise en ce que I'atmosphere riche en hydrogene 
dans le reservoir contient de 30 % a 100 % d'hydrogene en volume. 

11. Precede d'amelioration de la resistance a I'usure d'une partie fabriquee en polymere, comprenant les etapes : 

40 d'apporter une ou plusieurs parties fabriquees en polymere ; 

de placer les parties dans un ou plusieurs reservoirs d'emballage flexibles, impermeable aux gaz, 
d'eliminer en grande partie tout I'oxygene du reservoir d'emballage; 
de mise sous pression les reservoirs d'emballage ; 

de soumettre les reservoirs d'emballage avec un gaz inerte a une pression superieure de 1,5 a 4,0 
45 atmospheres ; 

d'irradiation des reservoirs pressurises et des parties en polymere pendant une duree de temps suffisante 
pour steriliser les parties ; et 

suite a I'etape d'irradiation, le precede comprend en plus I'etape de vieillissement des parties polymere dans 
I'atmosphere du reservoir d'emballage pendant une periode de temps. 

50 

12. Precede d'amelioration de la resistance a I'usure d'une partie fabriqu6e en polymere, comprenant les etapes : 

d'apporter une ou plusieurs parties fabriquees en polymere; 

de placer les parties dans un ou plusieurs reservoirs d'emballage flexibles, impermeable aux gaz ; 
55 d'eliminer en grande partie tout I'oxygene du reservoir d'emballage ; 

de mise sous pression des reservoirs d'emballage avec un melange d'hydrogene gazeux et d'un gaz inerte a 
une pression superieure a 1,5 atmospheres 

d'irradiation des reservoirs pressurises et des parties en polymere pendant une duree de temps suffisante 
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pour steriliser les parties ; at 

vieillissement de la partie polymere dans Tatmosphere de Temballage irradie pendant une periode de temps. 

13. Precede selon la revendication 1 2, caracterise en ce que le melange d'hydrogene gazeux et de gaz inerte contient 
un minimum de 2,2 x 10"'^ moles d'hydrogene gazeux par gramme de materiau polymere dans le reservoir d'em- 
ballage et une concentration volumetrique d'hydrogene dans le reservoir dans le domaine de 30 % a 95 %. 

14. Proc6de selon I'une quelconque des revendications 11 a 13, caracterise en ce que la partie polymere est vieillie 
dans le reservoir d'emballage pendant au moins 48 heures 

15. Proced6 selon I'une quelconque des revendications 11 a 14, caracterise en ce que I'etape d'elimination de I'oxy- 
gene des reservoirs d'emballage est effectuee par purge du reservoir avec un gaz inerte. 

16. Precede selon I'une quelconque des revendications 11 a 14, caracterise en ce que I'etape de I'elimination de 
I'oxygene des reservoirs d'emballage est effectuee par application d'une force de vide sur les reservoirs. 

17. Precede selon I'une quelconque des revendications 11 a 1 6 caracterise en ce que en ce que le gaz inerte est 
choisi dans le groupe comprenant I'argon, I'helium et I'azote. 

18. Precede selon I'une quelconque des revendications 11 a 17, caracterise en ce que le reservoir d'emballage est 

19. Precede selon I'une quelconque des revendications 11 a 17, caracterise en ce que le reservoir d'emballage est 
flexible. 

20. Precede selon I'une quelconque des revendications 11 a 19, caracterise en ce que I'etape d'irradiation est effec- 
tuee en utilisant des radiations gamma, rayons X et faisceau d'electrons. 

21. Precede selon la revendication 20, caracterise en ce que I'etape d'irradiation est effectuee jusqu'a ce qu'une 
dose de 20-60 KGy soil atteinte. 
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(54) Drawing Thermoplastics 
Material 



(57) Oriented thermoplastics having 
enhanced properties such as Young's 
modulus, resistance to creep, 
resistance to gas transport are 
prepared by drawing the 



thermoplastics in the solid phase 
through a die so that its plastic strain 
is progressively increased during start- 
up. This can be effected by providing a 
progressively reduced cross-section at 
the end of the workpiece to which 
draw tension is to be applied, e.g. the 
end may be conical, or reduced in 
steps as in Fig. 3. 
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SPECIFICATION 
Polymer Processing 

This invention relates to the deformation of 
thermoplastic polymers; more particularly, this 
5 invention relates to the solid phase deformation 
and concomitant orientation of orientable, 
thermoplastic polymers. 

U.K. Patent No. 131 1885 discloses a process 
for reducing the cross-sectional area of an article 

10 of an orientable, thermoplastic polymeric material 
by drawing the article, at a temperature below its 
melting point, through a well-lubricated die of 
smaller cross-sectional area than that of the 
article, which process comprises forming an 

1 5 integral, preferentially oriented nose at one end of 
the article by a solid phase deformation process, 
such that the tensile strength of the nose exceeds 
the draw tension to be applied to the article, 
gripping the nose and drawing the article through 

20 the die so as to induce a substantial degree of 
molecular orientation throughout the drawn 
article. 

This patent specification further discloses that 
the process is preferably performed by utilising 

25 the technique of hydrostatic extrusion; indeed, 
every example of the invention does use this 
technique. However, and as the specification 
rightly points out, at the date of the specification • 
simple hydrostatic extrusion was limited by a 

30 deformation ratio "boundary" above which further 
increase in the ratio of the cross-sectional area of 
the polymer billet to that of the extruder die orifice 
had no useful effect; relaxation effects resulted in 
an extrudate exhibiting die swell limiting the 

35 actual deformation ratio and orientation. These 
"boundaries" are given as low as 2.1 :1 for 
polyvinyl chloride to 5.8:1 for glass fibre-filled 
polypropylene. The specification discloses 
overcoming this disadvantage by applying to the 

40 issuing extrudate a deforming draw tension, the 
complete process often being referred to as draw 
assisted extrusion. 

U.K. Patent No. 1480479 discloses a process 
for the production of an oriented polymer material 

45 which comprises preparing a polymeric workpiece 
by cooling a semi-crystalline polymer having a 
natural draw ratio greater than 6 from the melt at a 
rate from 0.1 to 10°C per minute thereby 
obtaining the workpiece with substantially 

50 uniform morphology in cross-section; and 

deforming the workpiece below the melting point 
of the polymer by application of pressure. 

This patent specification further discloses that 
by starting with a polymer of seleced weight and 

55 number average molecular weights and thermal 
history it is possible to increase the deformation 
ratio "boundaries" to much higher levels. 
Moreover, at deformation ratios greater than 
about 8:1 , and contrary to the teaching of U.K. 

60 1 3 1 1 885, it is disclosed that die swell with 
lowered actual deformation is not encountered 
and thus, as is shown in Examples 2 and 3, the 
application to the issuing extrudate of a 
deforming draw tension is unnecessary. 



65 According to the present invention, there is 
provided a process for the solid phase 
deformation of a workpiece of an orientable 
thermoplastic polymer, which process comprises: 
providing the workpiece of the essentially 

70 unoriented polymer at the entry side of a die; 
applying to the workpiece from the exit side of a 
die a draw tension insufficient to cause tensile 
failure of the workpiece; and drawing the 
workpiece through the die so that its plastic strain 

75 is progressively increased during start-up of the 
process. 

The term "workpiece" as used herein includes 
bars, strips, rods, multifilaments, tubes and other 
cross-sections of solid or hollow stock. The term 
80 includes both billets and other forms of stock of 
greater length; indeed, continuous stock, which 
may be formed as the process is performed, may 
be utilised: examples include a polymer sheathed 
continuous core such as a metal wire, or 
85 continuous polymer rod, film or filaments. 

The orientable thermoplastic polymer is 
desirably a semi-crystalline polymer, especially 
one which exhibits sufficient strain hardening 
and strain rate dependence of the flow 
90 stress to stabilise the neck formed under the 
desired drawing conditions. Preferred such 
polymers are unsubstituted or f luoro-substituted 
vinyl polymers and polyacetals, suitably a linear 
homo- or copolymer of ethylene or propylene with 
95 at least one comonomer, a vinylidene fluoride 
polymer or a'homo- or co-polyoxymethylene. 

Where it is intended to utilise the die drawing 
process of this invention to produce a product 
with enhanced Young's modulus; resistance to 
1 00 creep; resistance to gas transport; enhanced 

deadfold; or enhanced axial thermal conductivity 
then a workpiece of a linear homo- or copolymer 
of ethylene should desirably comprise a polymer 
having a weight average molecular weight {M„ 
1 05 less than 1 ,000,000, suitably from 50,000 

to 500,000, preferably from 70,000 to 400,000; 
one of a linear homo- or copolymer of propylene 
should desirably comprise a polymer having a 
from 1 50,000 to 800,000, preferably from 
110 250,000 to 500,000. . 

However, the die drawing process of this 
invention may also be performed, to provide a 
more advantageous forming process but not the 
enhanced properties listed above, on a workpiece 
115 of an essentially unoriented but orientable, 

amorphous polymer or an essentially unoriented 
but orientable, semi-crystalline ultra high 
molecular weight polymer (for example, a linear 
homopolymer of ethylene having a about 
1 20 2,000,000). It may likewise be utilised, but to a 
lower deformation ratio, in respect of those 
polymers which would otherwise give the 
enhanced properties listed above. 

The thermoplastic polymer workpieces used in 
125 the process of this Invention may be filled. 

Examples of useful fibrous fillers include glass, 
asbestos, metal carbon and ceramic whiskers, 
such as those formed from silicon carbide. 
Examples of useful laminar fillers include mica. 
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talc and graphite flakes. Chalk and fly ash may 
also be included. The amount of filler which may 
I advantageously be included depends on the 
nature of the filler, but up to 50% by weight, 
5 preferably less than 30%, especially less than 
20% may be incorporated. 

The term "essentially unoriented" as used 
herein means the workpiece has incurred no 
orientation other than that minor amount which 

1 0 might be Induced during formation of the 

workpiece, for example during billet moulding or 
melt extrusion, or during any subsequent shaping 
thereof, for example by machining, prior to the 
performance of tlie die drawing process of this 

1 5 invention. 

■ Where it is not possible to use the polymer as 
received as a workpiece, the workpiece may be 
formed either in the batch or continuously. In 
either case, where the cross-sectional area of the 

20 workpiece is substantially greater than that, for 
example, of a textile filament care must be taken 
to ensure that the workpiece cools sufficiently 
slowly to prevent voids and stress cracking from 
occurring. At low cross-sectional area, surface 

25 cooling effects outweigh bulk conduction effects 
and the formation of voids and cracks is not found 
to pose any problem. Indeed, it is envisaged that 
the process of the invention applied to a 
workpiece, particularly a continuous workpiece, of 

30 low cross-sectional area, such as a filament or a 
film, will provide a practicable alternative to melt 
spinning or melt extrusion techniques for 
producing such material with enhanced Young's 
modulus. 

35 In the case of a workpiece formed in the batch, 
for example a polymer billet, the following general 
methods have been found to be suitable. The 
polymer may be melted in a screw extruder; 
extruded or injected into a billet mould at a 

40 temperature about 30°C above its melting point 
and cooled under elevated pressure for 5 hours, 
or it may be melted in an extruder; extruded or 
injected into a cold billet mould; transferred to an 
oven for 4 hours under ambient pressure at a 

45 temperature below its melting point but above its 
crystallisation temperature; and thereafter 
allowed to cool in the oven after the heating has 
been switched off. The polymer may also be 
injection moulded into an air or water cooled billet 

50 mould. Progressive immersion in the cooling fluid 
is preferred, thereby ensuring that solidification of 
the polymer takes place from the bottom of the 
mould thereby preventing the formation of 
internal voids due to shrinkage. Where the 

55 workpiece is to be hollow it may be formed in the 
batch by including a mandrel of appropriate cross- 
section, usually coaxially, in the mould. 
Alternatively stock of circular solid or hollow 
cross-section may be produced continuously 

60 using one of several processes known to those 
skilled in the art 

In accordance with the die drawing process of 
this Invention the plastic strain of the workpiece is 
progressively increased during start-up of the 

65 process. This can be effected, in accordance with 



one embodiment of the invention, by utilising a 
workpiece wherein that end (herein termed the 
"nose") of the workpiece to which the draw 
tension is applied is of progressively reduced 
70 (either continuously or in stages) cross section. 
(Hereinafter particular reference is made for 
convenience to stock or circular solid or hollow 
cross-section. The die drawing process of this 
invention is not, however, limited to such cross- 
75 sections). The first alternative may be affected 
either by fabricating the workpiece with a conical 
nose, for example, by machining the workpiece to 
form a conical nose, or moulding the billet with a 
conical nose. The semi-angle of the nose should 
80 be less than that of the die through which the 
workpiece is to be drawn. The second alternative 
may be effected by fabricating, for example by 
machining the workpiece so that it has at least 
one, and preferably a plurality, for example from 2 
85 to 4, of stages of progressively reduced cross- 
section, which together form a nose as shown in 
Figure 3 of the accompanying drawing. 

In accordance with another embodiment of the 
invention the plastic strain of the workpiece can 
90 be progressively increased by providing at the 
entry side of the die a workpiece of essentially 
uniform cross section and, during start-up of the 
process, progressively reducing the aperture of 
the die orifice. 
95 Both such embodiments may be effected 
simultaneously. 

In both such embodiments, the nose is 
advanced to protrude through the die lips and is 
secured to tensioning means applied from the exit 
1 00 side of the die. A suitable arrangement includes a 
hauloff comprising a pair of serrated jaws in 
which the nose is gripped; a high tensile cable 
one end of which cable is attached to the jaws, 
the other to a winch or a loading station to which 
1 05 a turning moment or mass may be applied 

thereby applying a draw tension to the nose. The 
hauloff may also comprise, instead of a cable, any 
tension transmitting means such in the metal 
drawing art including a chain, a rack and pinion 
1 10 mechanism, a screw mechanism and a 

hydraulically operated draw mechanism. The 
hauloff may further comprise a pair of continuous 
contra-rotating friction belts, generally known as 
a "caterpillar". 
1 1 5 The draw tension should be sufficient to draw 
the workpiece through the die but insufficient to 
cause tensile failure of the article; that is, the 
draw tension should be such that the true stress 
at any point of the product does not exceed its 
1 20 fracture stress at that point. A suitable maximum 
value of drawn tension may readily be determined 
by routine experiment In the case of strain 
hardening polymers, as the drawing progresses 
the flow stress of the strained portions of the 
1 25 workpiece increases. This will permit a greater 
draw tension to be applied (giving an increased 
plastic strain). This enables greater cross-sections 
of workpiece, or smaller apertures of die, or both, 
to be utilised also giving a further increase in 
1 30 plastic strain. These increases further strengthened 
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the strained polymer so that the strain can be 
progressively Increased during start-up until a 
product having desired final properties (for 
example, Young's modulus or cross-sectional 
5 area) is attained whereafter steady state 
processing conditions obtain. 

After a grippable length of the workpiece has 
been drawn through the die the unoriented part of 
its nose may be removed and the oriented 

1 0 grippable length re-gripped thereby enabling a 
higher load to be applied. 

For a particular polymer, a steady state process 
is obtained for a given set of temperature, draw . 
speed and deformation ratio. "Deformation ratio" 

1 5 as used herein is the ratio of the initial cross- 
sectional area of the workpiece to the final cross- 
sectional area of the product These parameters vary 
implicitly, but it has been found possible, for a 
particular polymer, to set the die temperature 

20 (which will be only a nominal temperature for the 
polymer since the process is not an isothermal 
one) and the workpiece shape and vary, by 
experiment, the draw speed to obtain the desired 
deformation ratio. 

25 For linear homo- and copolymers of ethylene 
the die temperature is desirably set within 60°C 
below the melting point of the polymer. More 
particularly, for such polymers of M„ from 50,000 
to 1 50,000, the die temperature is preferably 

30 from 70°C to 1 00°C; and for such polymers of 
M„ above 300,000 from 70°C to 120°C; For 
linear homo- and copolymers of polypropylene of 
weight average molecular weight from 150,000 
to 800,000 the die temperature may be set from 

35 20°— -1 70°C, preferably 90°— 1 30°C. A die 
temperature of 80°— 1 70°C, preferably 1 50°— 
1 70°C is suitable for homo- or 
copolyoxymethylene and of 80°C to 1 65°C is 
suitable for vlnylidene fluoride polymers. The 

40 polymer temperature may be further controlled by 
utilising a die with a temperature controlled 
chamber which extends downstream. 

It is feasible to use draw speeds greater than 1 
cm min"^ in the die drawing process of this 

45 invention; indeed, speeds of 50 cm min 'or more 
are preferred. 

Where hollow stock is being die drawn by the 
process of this invention it is essential to provide 
an appropriately dimensioned mandrel on the 

50 entry side of the die and protruding between the 
die lips to prevent collapse. In a continuous 
process this mandrel can suitably be of the 
"floating plug" type. In a batch process a fixed 
mandrel may be used. 

55 ■ A batch process may be converted to a 

continuous one by putting the upstream end of 
the deforming workpiece and the downstream 
end of stock of the same cross-section both in 
contact with a hot, stainless steel plate; removing 

60 the plate and welding the two polymer surfaces. 
Preferably such a weld should be at an angle of 
45° or less to the axis of the stock. 

Utilising the die drawing process of this 
invention in polymers which show adequate strain 

65 hardening and strain rate dependence of the flow 



stress, it is possible to obtain deformation ratios 
of at least 1 0, preferably 20 or even more. 

The invention will now be more particularly 
described, by way of example, with reference to 
70 the accompanying drawings in which: 

Figure 1 represents an axial section of a 
coextrusion line in accordance with the invention; 
and 

Figure 2 represents an axial section of an 

75 automated continuous extrusion line in 
accordance with the invention. 

In Figure 1, a polymer coating 1 is supplied as 
melt flow from an extruder fitted with a crosshead 
annular die 2 through the centre of which the 

80 member to be coated 3 (such as cable, wire, rod 
or tube) is allowed to pass. The melt then passes 
through a cooling zone 4 where it is solidified. At 
the end of this zone the solidified coating 1 is 
essentially isotropic and is not in intimate contact 

85 with the su rface of the member to be coated 3. 
Both member and isotropic coating then pass into 
a drawing block 5 of similar design to that already 
described and are heated to the drawing 
temperature. The polymer coating is next drawn 
90 through the converging die 6 mounted in the 
drawing block. Deformation of the polymer 
continues beyond the drawing block for some 
distance before it becomes "frozen-out". At this 
stage both member and coating are travelling 
95 with the same velocity, and the coating in intimate 
contact with the member. The velocity of the 
process is controlled and determined by a haul-off 
"caterpillar" device 7 situated downstream from 
the final defonnation zone. 

1 00 The ratio of the cross-sectional area of the 
isotropic polymer tube entering the die block to 
that of the annular clearance between coated 
member and die bore is of great importance, as 
will be understood from the foregoing description 

1 05 of the process. This ratio is controlled and 
determined by the rate of output of the melt 
extruder which supplies the crosshead die. This 
embodiment of the invention can be used to coat 
several items simultaneously; used where the 

1 1 0 cross-section is not circular; or used where two or 
more different polymers are co-extruded. 

In Figure 2 a polymer billet 8 is continuously 
extruded through a die 9 as described in British 
patent application 1 5023/79. The billet is then 

1 1 5 advanced to a drawing block 1 0 and drawn by a 
haul-off device (not shown) through a converging 
die 1 1 mounted in the drawing block. The haul-off 
velocity and the temperatures of the billet 8 and 
the drawn product 12 are continuously 

1 20 monitored; their values being input into a 

computer 1 3 whence output regulating the melt 
extrusion rate and quality given by the extruder 
1 4 is provided to the hopper feed 1 5, the screw 
drive 1 6, the barrel heater 1 7 and the infinitely 

125 variable orifice controlled by butterfly valve 1 8. 
In accordance with a further aspect of this 
invention, there are provided homo- and 
copolymers of polypropylene which have been 
deformed by passage through a die in the solid 

1 30 phase having a Young's modulus greater than 1 8, 
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suitably greater than 20, preferably greater than 
23 GPa, especially greater than 25 GPa. This 
invention further provides a homo or 
copolyoxymethylene which has been deformed by 
5 passage through a die in the solid phase and 
having a Young's modulus greater than 25 GPa, 
preferably greater than 27 GPa. This invention 
further provides a vinylidene fluoride polymer 
which has been deformed by passage through a 

T 0 die in the solid phase and having a Young's 

modulus greater than 3 GPa, suitably greater than 
5 GPa preferably greater than 8 GPa. This 
invention also provides copolymers of linear 
polyethylene, particularly copolymers comprising 

1 5 a minor amount of hexene-1 , especially those 
which have been deformed by passage through a 
die in the solid phase, having a Young's modulus 
greater than 30 GPA, preferably greater than 40 
GPa. Such copolymer materials cannot be 

20 produced at high deformation ratios by 

conventional drawing or solid state extrusion. This 
invention further provides a Portland cement or 
concrete mass incorporating fibres either 
prepared as such or by fibriliating a film prepared 

25 by the process of this invention, particularly fibres 
of an ethylene-hexene-1 copolymer. 

The advantages of the die drawing process of 
this invention over hydrostatic extrusion will be 
manifest to those skilled in the art. Thus, it 

30 obviates the necessity of a batch process and 
dispenses with expensive and potentially hazardous 
pressure equipment. It is also found that, and in 
contrast to hydrostatic extrusion, throughput 
increases with increasing deformation ratio. 

35 The following Examples illustrate the invention. 
Modulus values were determined from a 
flexural (three-point bend) test at 20°C. This was 
accomplished by applying a dead load to the test 
specimen and measuring the deflection after 10 

40 seconds. The ratio of span to specimen thickness • 
was maintained at 80 or higher. The maximum 
strain at any point in the specimen was less than 
0.001. 

Example 1 

45 A polypropylene block copolymer having 
weight average molecular weight of 650,000 
(PROPATHENE GSE 1 08 ex I.C.I.) was melted at 
250°C In an extruder; extruded into a billet mould . 
at 1 60°C; and cooled under elevated pressure for 5 

50 hours. The initial, isotropic billet was then 

machined so that the dimensions shown in the 
Rgure in the accompanying drawing are: 

d,=7mm, dj=1 0.4mm, d3=1 5.8mm 

The machined billet was then advanced into a 
55 conical die of 1 5° semi-angle and at a 

temperature set at 1 1 0°C. The die had a bore 
diameter of 7mm so that the nominal deformation 
ratios shown in Figure 3 of the accompanying 
drawings are: 

60 R^,=1,Rnj=2.2,Rn3=5.1 



TTie protruding nose of the billet formed by the 
first stage was gripped at the exit side of the die 
and the billet, at an initial temperature of 1 1 0°C, 
was drawn through the die at a speed of 1 0mm 

65 min~' at a tension of 32.5 kg wt until all of the 
second stage had been drawn. The grip was then 
repositioned on part of the billet corresponding to 
the second stage and drawing recommenced, 
until sufficient of the third stage had been drawn 

70 through the die to enable the grip to be affixed 
thereto, at a draw speed of 1 0mm min~' at a 
tension of 92.5 kg wrt. Thereafter the grip was 
finally positioned on the drawn part of the third 
stage and the remainder thereof was drawn 

75 through the die at a draw speed of 500mm min~' 
at a tension of 1 52 kg wt to give an oriented rod 
of actual deformation ratio 1 2.7 (average 
diameter 4.45mm) and a flexural Young's 
modulus of 15.1 GPa (±1.4 GPa). 

80 In similar experiments a modulus of 20.6 GPa 
(+2.0 GPa) was achieved. 

Example 2 

Example 1 was repeated using a high density 
polyethylene homopolymer of 3 1 2,000, M„ 

85 33,000 (H020— 54P ex BP Chemicals). The 
machined billet had d,=5 mm, d2=8.9 mm and 
d3=1 2.0mm and was drawn through a conical die 
of 1 5° semi-angle with its temperature set at 
1 00°C. The die had a bore of 5.3 mm so that 

90 Rni=1 , Rnj=2.8 and R„3=5.2. The respective 
draw speeds and tensions were 1 0mm min"' at 
22 kg wt; 1 0mm min-^ at 55 kg wt and 500mm 
min-i at 78 kg wt. 

The oriented rod had an actual deformation 

95 ratio of 1 0 (average diameter 3.88mm) and a 
flexural Young's modulus of 1 4 GPa. 

Example 3 

Example 1 was repeated using _ _ 
polyoxymethylene of Mn 45,000 and Mw/Mn 
1 00 slightly greater than 2 (Delrin 500 ex Du Pont). 
The die had its temperature set at 1 60°C. 

The oriented rod had an actual deformation 
ratio of 1 2.6 and a flexural Young's modulus of 20 
GPa. 

105 Example 4 

_ A high density polyethylene homopolymer of 
Mw 1 35,000, Mn 25,500 and melt flow index of 
0.6 dg min~' (006 — 60 ex BP Chemicals) was 
injection moulded using a mould with a 10mm 

1 1 0 diameter cylindrical cavity. The barrel 
temperature was 190°C, and the mould 
temperature was 1 1 0°C. The mould was held 
under injection pressure for 10 minutes to allow 
cooling and solidification to take place. 

1 1 5 The initial isotropic billet had a diameter of 
7 mm one end of which was machined to give an 
essentially conical nose of 5° semi-angle which 
was extended for 20mm as a rod of diameter 
4mm for gripping purposes. 

1 20 The machine billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 100°C. 
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The protruding nose of the billet was gripped at 
the exit side of the die and the billet, at an initial 65 
temperature of 1 ^0°C, was drawn through the 
die at an initial speed of 5mm min~'. After 
5 1 00mm of material had been drawn through the 
die, the drawing was stopped and the product 
was cut off 20mm from the die. The oriented 70 
material protruding from the exit sde of the die 
was then regripped and drawing was 
1 0 recommenced at 5mm min~^ The load rose to 
22kg and remained constant thereafter. The draw 
speed was then increased progressively to 66mm 75 
m'm~\ 

An oriented rod of actual deformation ratio 
1 5 23.5 and a flexural Young's modulus of 51 
GPa was obtained. 

Example 5 80 

A high density polyethylene homopolymer 
(H020 — 54P ex BP Chemicals) was compression 

20 .moulded as follows; a two-part mould was filled with 
polymer powder, heated to 21 0''C and left for 20 
minutes to attain thermal equilibrium. The mould 85 
was then placed between the platens of a press 
and the powder compressed Into a cavity of 

25 dimensions 20mmx20mmx200mm. A force of 
1 200 KN was used. The platens were then water 
cooled and moulding pressure maintained until go 
the mould temperature had fallen below 80°C. 
The initial isotropic billet had a diameter of 

30 1 2mm one end of which was machined to give an 
essentially conical nose of 5° semi-angle which 
was extended for 20mm as a rod of diameter 95 
4mm for gripping purposes. 
' The machined billet was then advanced into a 

35 conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 100°C. 

The protruding nose of the billet was gripped at 1 qq 
the exit side of the die and the billet, at an initial 
temperature of 1 00°C, was drawn through the 

40 die at an initial speed of 5mm min~^ After 

1 00mm of material had been drawn through the 

die the drawing was stopped and the product cut 1 05 

off 20mm from the die. 

The oriented material protruding from the exit 

45 side of the die was then regripped and drawing 
was recommenced. The load rose to 40 kg. The 
draw speed was then progressively increased to a 110 
steady state value of 77 kg. 

An oriented rod of actual deformation ratio 

50 1 1 .2 and a flexural Young's modulus of 1 3 GPa 
was obtained. 

115 

Example 6 

_ A high density polyethylene homopolymer of 
M„ about 3,500,000 (Hostalen GUR ex Hoechst) 

55 was used as received as isotropic rod stock of 
8mm diameter. One end of this was machined to 
give an essentially conical nose of 5° semi-angle ^ 20 
which was extended for 20mm as a rod of 
diameter 4mm for gripping purposes. 

60 The machined billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 1 30". 1 25 

The protruding nose of the billet was gripped at 



the exit side of the die and the billet, at an initial 
temperature of 1 30°C, was drawn through the 
die at an initial speed of 5mm min"'. After 
1 00mm of material had been drawn through the 
die the drawing was stopped and the product cut 
off 20mm from the die. The oriented material 
protruding from the exit side of the die was then 
regripped and drawing was recommenced. The 
load rose to 4kg. The draw speed was then 
gradually increased to 200mm min~'. The load 
rose to a steady state value of 20kg. 

An oriented rod of actual deformation ratio 5 
and a flexural Young's modulus of 1 .76 GPa was 
obtained. 

Example 7 

_ A copolyme£of ethylene and hex-1-ene of 
■ 1V1„ 1 55,000, M„ 1 6,900 and 0.9 to 1 .5 n- 
butyl branches per 10^ carbon atoms (002 — 55 
ex BP Chemicals) was extrusion moulded in the' 
following manner: 

A melt extruder was used to fill a cylindrical 
aluminium mould, which was then placed 
vertically in an oven to allow solidification of the 
polymer. A temperature gradient was maintained 
in the oven so that the bottom of the mould was at 
1 1 0° and the top at 1 20°C. This procedure 
ensured that solidification of the polymer took 
place from the bottom of the mould upwards, 
preventing the formation of internal voids due to 
shrinkage. 

The initial, isotropic billet had a diameter of 
9mm one end of which was machined to give an 
essentially conical nose of 5° semi-angle which 
was extended as a rod of diameter 4mm for 
gripping purposes. 

The machined billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 100°C. 

The protruding nose of the billet was gripped at 
the exit side of the die and the billet, at an initial 
temperature of 1 00°C, was drawn through the 
die at an initial speed of 5mm min''^ After 
1 00mm of material had been drawn through the 
die the drawing was stopped and the product cut 
off 20 mm from the die. The oriented material 
protruding from the exit side of the die was then 
regripped and drawing was recommenced. The 
load rose to 3 1 kg. The draw speed was then 
gradually increased to a steady state of 25mm 
min~\ 

An oriented rod of actual deformation ratio 27 
and a flexural Young's modulus of 62 GPa was 
obtained. 

Example 8 

A high density polyethylene homopolymer 
(006 — 60 ex BP Chemicals) was injection 
moulded using a mould with a cylindrical cavity. 
The barrel temperature was 1 90°C and the mould 
temperature was 1 1 0°C. The mould was held 
under injection pressure for 10 minutes to allow 
solidification to take place. 

The initial, isotropic tube billet was machined 
from the moulding. The tube billet had an internal 
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diameter of 2nnm and an external diameter of 
8mm. An essentially conical nose of 5° semi- 
I angle which was extended as a tube with an outer 

diameter of 4mm for gripping puiposes was 
5 machined on one end of the billet surface. 

The machined billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 1 00°C. A fixed 
mandrel of 2mm diameter was then inserted into 

10 the billet. 

The protruding nose of the billet was gripped at 
the exit side of the die and the billet, at an initial 
temperature of 1 00°C, was drawn through the 
die at an initial speed of 5mm min~'. After 

1 5 1 00mm of material had been drawn through the 
die the drawing was stopped and the product cut 
of 20mm from the die. The oriented material 
protruding from the exit side of the die was then 
regripped and drawing recommenced. The load 

20 rose to 301<g. The draw speed was then 
progressively increased to a steady value of 
50mm min~\ The load increased to a steady state 
value of 3 1 kg. 

An oriented tube of actual deformation ratio 1 3 

25 and a flexural Young's modulus of 23 GPa was 
obtained. 

Example 9 

A polypropylene copolymer (PROPATHENE 
GSE 1 08 ex I.C.I.) was extrusion moulded into a 
30 tube billet mould. 

The procedure of Example 8 was then 
essentially repeated with the internal diameter of 
the tube billet 2mm, the external diameter 
7.17mm. The initial temperature of the polymer 
35 was 11 0°C and the steady state draw speed was 
40mm min~'. 

An oriented tube of actual deformation ratio 
6.5 and a flexural Young's modulus of 6.3 GPa 
was obtained. 



60 Example 1 1 

A polymer composite containing 75% 
polypropylene ("Propathene" ex I.C.I.) and 25% 



chopped glass fibres (by weight) was moulded 
into rod using a melt extrusion process. 

65 The initial billet machined from the moulded 
rod had a diameter of 9.8 mm, one end of which 
was machined to give an essentially conical nose 
of 5° semi-angle which was extended as a rod of 
4mm diameter for gripping purposes. 

70 The machined billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 1 10°C. 

The protruding nose of the billet was gripped at 
the exit side of the die and the billet, at an initial 

7 5 temperature of 1 1 0°C, was drawn through the die 
at an initial speed of 5mm min~'. After 1 00mm of 
material had been drawn through the die, the 
drawing was stopped and the product cut off 
20mm from the die. The oriented material 

80 protruding from the exit side of the die was then 
regripped and drawing was recommenced. The 
load rose to 69kg. The draw speed was then 
increased to a steady state value of 50mm min~'. 
An oriented composite rod of actual deformation 

85 ratio 1 1 and a flexural Young's modulus of 1 4 
GPa was obtained. 

Example 12 _ 

A polyvlnylidene fluoride homopolymer of M„ 
35 1 ,200, Mn 1 7 1 ,000 (Solef XION, ex Solvay) 
90 was injection moulded using a mould with a 
1 0mm diameter cylindrical cavity. The barrel 
temperature was 220°C and the mould 
temperature was 20°C. The mould was held 
under injection pressure for 5 minutes during 
95 which time it was cooled by progressive 
immersion in a water bath. This procedure 
ensured that solidification of the polymer took 
place from the bottom of the mould upwards, 
preventing the formation of interna! voids due to 
1 00 shrinkage. 

The initial isotropic billet was machined to a 
diameter of 9.80mm, one end being further 
machined to give an essentially conical nose of 5° 
semi-angle, which was extended for 20mm as a 
rod of diameter 4mm for gripping purposes. 

The machined billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and at a temperature 1 40°C. 

The protruding nose of the billet was gripped at 
the exit side of the die and the billet, at an initial 
temperature of 140°C, and was drawn through 
the die at a speed of 10mm min~^ After 100mm 
of material had been drawn through the die, the 
drawing was stopped and the product was cut off 
20mm from the die. The oriented material 
protruding from the exit side of the die was then 
regripped, and drawing was recommeced at 
1 0mm min"'. The load rose to a value of 1 1 2 kg 
and remained constant thereafter. 

An oriented rod of actual deformation ratio 
6.00 and a flexural Young's modulus of 3.96 GPa 
was obtained. 

In the case of polyvinylidene fluoride molecular 
weight restrictions are not found to be particulariy 
1 25 critical. Desirably, however, the polyvinylidene 
fluoride has a number average molecular weight 



40 Example 10 

Twenty-four filaments of a high density 
polyethylene homo- polymer of 1 02,000, 
M„ 6,200 (Rigidex 50 ex BP Chemicals) were 
melt spun into a glycerol bath at 1 1 8°C. The 

45 isotropic filaments had a diameter of 1.36mm. 
Each filament was necked by contact with a hot 
stainless steel plate and the necked tow was then 110 
inserted into a conical die of 1 5° semi-angle, a 
bore diameter of 4mm and a temperature set at 

50 100°C. 

The protruding tow was then gripped at the 
exit side of the die and, at an initial temperature of 115 
1 00°C, was drawn through the die at a draw 
speed which was progressively Increased to a 

55 steady state value of 1 00mm min~'. 

An oriented tow of filaments of polygonal 
cross-section and deformation ratios of from 15 120 
to 20 was obtained. The flexural Young's modulus 
of individual filaments was from 32 to 40 GPa. 



7 



GB 2 060 469 A 7 



from 1 .0 to 1 .9 X 1 0^, preferably from 1 .3 to 

I . 8 X 1 0^ and a weight average molecular weight 
from 2x10^10 8x105. 

Such material may be die-drawn to 
5 deformation ratios in excess of 6, for example 6.5 
to 8 or even more. 

Example 13 

_ A high density polyethylene homopolymer of 
M„ 67,800, IVi„ 13,350 {140—60 ex BP 

1 0 Chemicals) was extrusion moulded into a 

cylindrical tube, which was then placed vertically 
in an oven to allow slow cooling solidification of 
the polymer. 

An isotropic billet for die-drawing was 

1 5 machined to a diameter of 8.94mm one end 
being a cone of 5° semi-angle which was 
extended as a rod of 4mm diameter for gripping 
purposes. 

The machined billet was advanced into a 
20 conical die of 1 5° semi-angle and bore diameter 
of 4mm, set at temperature of 1 1 0°C. 

The protruding nose of the billet was gripped at 
the exit side of the die and the billet, at an initial 
temperature of 1 1 0°C, was drawn through the 
1 25 die at a preliminary draw speed of 5mm min~^ 
After a length of material had been drawn through 
the die the process was stopped and the product 
was cut off at a short distance from the die. The 
oriented material protruding from the exit side of 
30 the die was then regripped and drawing continued. 
The haul-off speed was increased to 30mm min~' 
whereupon the load rose to a steady value of 1 5 
kg. 

An oriented rod of actual deformation ratio 
35 23.4 and a flexural Young's modulus of 45.4 QPa 
was obtained. 

Example 14 

A copolymer of ethylene and hex-1 -ene 
(002 — 55 ex BP Chemicals was extrusion 
40 moulded in the following manner: 

A melt extruder was used to fill a cylindrical 
aluminium mould, which was then placed 
vertically in an oven at 120''Cto allow 
solidification of the polymer. 
45 The initial, isotropic billet had a diameter of 

I I . 3 1 mm and one end was machined to give a 
conical nose of 5° semi-angle which was 
extended as a rod of diameter 4mm for gripping 
purposes. 

50 The machined billet was then advanced into a 
conical die of 1 5° semi-angle, a bore diameter of 
4mm and a temperature set at 100°C. 

The protruding nose of the billet was gripped at 
the exit side of the die and then the billet, at an 

55 initial temperature of 1 00°C was drawn through 
the die at a preliminary draw speed of 5mm 
min~'. After a length of material had been drawn 
through the die the process was stopped and the 
product was cut off at a short distance from the 

60 die. The oriented material protruding from the exit 
side of the die was then regripped and drawing 
was recommenced. The load rose to 65 kg as the 
draw speed was gradually increased to steady 



state value of 1 00mm min"'. 
65 An oriented rod of actual deformation ratio 
1 1 .5 and a flexural Young's modulus of 1 5.2 
GPa was obtained. 

Claims 

1 . A process for the solid phase deformation of 
70 a workplace of an orientable, thermoplastic 

polymer, which process comprises: providing the 
workplece of the essentially unoriented polymer 
at the entry side of a die; applying to the 
workplece from the exit side of a die a draw 
75 tension insufficient to cause tensile failure of the 
workplace; and drawing the workplece through 
the die so that its plastic strain is progressively 
increased during start-up of the process. 

2. A process according to Claim 1 wherein the 
80 polymer is a semi-crystalline polymer. 

3. A process according to Claim 2 wherein the 
polymer is an unsubstituted or f luoro-substituted 
vinyl polymer or a polyacetal. 

4. A process according to Claim 3 wherein the 
85 polymer is a linear homo or copolymer of ethylene 

or propylene with at least one comonomer. 

5. A process according to Claim 4 wherein the 
polymer is ajinear homo- or copolymer of 
ethylene of M^from 50,000 to 500,000. 

90 6. A process according to Claim 5 where the 
die temperature is from 60°C below to below the 
melting point of the polymer. 

7. A process according to Claim 4 wherein the 
polymer is a lijnear homo- or copolymer of 

95 propylene of M„ from 1 50,000 to 800,00. 

8. A process according to Claim 7 wherein the 
die temperature is from 20°C to 1 70°C. 

9. A process according to Claim 3 wherein the 
polymer is a polyoxymethylene. 

1 00 1 0. A process according to Claim 9 wherein 
the die temperature is from 80°C to 1 70°C. 

1 1 . A process according to Claim 3 wherein 
the polymer is a vinylidene fluoride polymer. 

1 2. A process according to Claim 1 1 wherein 
1 05 the die temperature is from 80°C to 1 65 °C. 

1 3. A process according to any preceding 
claim wherein the polymer is filled. 

1 4. A process according to any preceding 
claim wherein that end of the workpiece to which 

■ 110 the draw tension is applied is of progressively 
reduced cross section. 

1 5. A process according to any preceding 
claim wherein the aperture of the die is 
progressively reduced during start-up of the 

115 process. 

1 6. A process according to any preceding 
claim wherein the draw speed is at least 50cm 
min"'. 

1 7. A process according to any preceding 
1 20 claim which is continuous. 

1 8. A process according to Claim 1 7 wherein 
the upstream end of a discrete workpiece being 
deformed in accordance with Claim 1 is welded to 
the downstream end of continuous stock of the 

1 2 5 same polymer and cross-section. 

1 9. A process according to Claim 1 7 or 1 8 
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wherein the workpiece is continuously formed in 
situ. 

20. A process according to any preceding 
claim where the worl<piece is a filament, film or 

5 tube. 

21. A process according to any preceding 
claim wherein the deformation ratio is greater 
than 10. 

22. An oriented thermoplastic polymer 
1 0 whenever prepared by the process of any 

preceding claim. 

23. A homo- or copolymer of propylene which 
has been deformed by a passage through a die in 
the solid phase and having a Young's modulus 

15 greater than 18 GPa. 

24. A homo- or copolyoxymethylene which has" 
been deformed by passage through a die in the 
solid phase and having a Young's modulus greater 
than 25 GPa. 



20 25. A vinylidene fluoride polymer which has 
been deformed by passage through a die in the 
solid phase and having a Young's modulus greater 
than 3 GPa. 

26. A copolymer of ethylene which has been 
25 deformed by passage through a die in the solid 

phase and having a Young's modulus greater than 
10 GPa. 

27. A copolymer according to Claim 26 having 
a Young's modulus greater than 30 GPa. 

30 28. A copolymer of ethylene which has a 
Young's modulus greater than 40 GPa. 

29. A copolymer according to any of Claims 26 
to 28 wherein the comonomer comprises up to 
5% of hexene-1 . 

35 30. A Portland cement, concrete or thermoset 
mass into which fibres according to any of Claims 
22, 23 and 26 to 29 have been introduced. 
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(54) Radiation-Sterilized, packaged medical device 

(57) A medical device pacltage comprises a medical device 1 ; a gas-permeable sterile bag 2 containing the 
medical device 1 therein; a wrapping member 4 made of oxygen-impermeable material wherein said 
medical device-containing bag 2, previously subjected to radiation-sterilization, is sealed; and a deoxidizing 
agent 3 contained in the wrapping member 4 together with the medical device-containing bag 2. 
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SPECIFICATION 

Radiation-sterilized, packaged medical device 

5 The present invention relates to a radiation-sterilized medical device. More particularly, the 
present invention relates to a packaged medical device provided with a deodorizing means 
adapted to prevent emanation of an odor upon withdrawal of a radiation-sterilized medical device 
from a sterile containment bag. 
As a method for sterilizing medical devices, sterilization with gamma-rays has been widely 

1 0 employed in recent years, particularly in the field of disposable medical devices. In 6rder to 

maintain ster'ity up till the time of use, such a disposable medical device is generally sealed in a 
sterile bag and then sterilized with gamma-rays as pre-packaged in the bag. However, because 
of the presence of oxygen in the bag, irradiation with gamma-rays or other radiation excites the 
oxygen to yield ozone, an allotrope of oxygen, and, hence, generates the so-called gamma odor 

15 which is considered to be associated with ozone. This odor emanating upon unsealing of the 
sterile bag for removal of the medical device therefrom gives an uncomfortable sensation to the 
user of the device. 

Furthermore, disposable medical devices are made, for the most part, of some plastic material 
or other and may suffer from decreased strength due to oxidation with time. Particulariy in dry 
20 radiation-sterilization in a gaseous atmosphere where the surface of the plastic material is 
exposed to air, the presence of radiation-excited oxygen promotes oxidation of the plastic 
material with time at elevated temperature so as to induce a decrease in strength. 

In view of the problems mentioned hereinbefore, the present inventors conducted an intensive 
research and discovered that these problems all spring out from the presence of oxygen. 
25 Accordingly, they sought for means for elimination of oxygen. 

The object of the present invention is to provide a dry radiation-sterilized medical equipment 
which does not give off an odor upon unsealing and is free from decreases in the strength of 
plastic parts thereof. 

This and other objects of the invention will become apparent from the description hereinafter. 

30 The present invention provides a packaged medical device comprising a medical device; a gas- 
permeable sterile bag containing the medical device therein; a wrapping member made of 
oxygen-impermeable material and wherein said medical device-containing bag, previously sub- 
jected to radiation-sterilization, is sealed; and deoxidizing agent contained in the wrapping mem- 
ber together with the medical device-containing bag. 

35 A schematic illustration of a packaged medical device in accordance with the present invention 
is shown on the accompanying drawing. 

In the present invention, the radiation-sterilization is preferably sterilization with gamma-rays 
and the deoxidizing agent is preferably one based on activated iron oxide. The medical device to 
which the present invention can be applied with advantage includes a hollow fiber blood pro- 

40 cessing device, particularly a blood processing device employing a cellulose acetate hollow fiber 
membrane, which is generally believed to be incompatible with dry radiation-sterilization. The 
oxygen-impermeable material is preferably a laminated polyester-aluminum-polyethylene sheet. 

According to the present invention, a medical device sealed in a sterile bag, after radiation- 
sterilization, is hermetically sealed in a wrapping member of oxygen-impermeable material to- 

45 gether with a deoxidizing agent. For the reason, there is substantially no infiltration of oxygen 
from external environments and even the oxygen trapped in the course of the wrapping step is 
absorbed by the co-existing deoxidizing agent. Therefore, the inside of the wrapping member 
can be maintained in anoxic state so that the emanation of an odor and aging of the strength of 
the medical device can be successfully prevented. 

50 Furthermore, since the sterile bag is a gas-permeable sterile bag, the oxygen and ozone 

present in the bag and the oxygen gradually released from the medical device are also instantly 
absorbed. 

In addition, since the wrapping member is made of an oxygen-impermeable material, the entry 
of oxygen from the external environment is prevented almost completely and, therefore, an 
55 oxygen-free condition within the wrapping member can be maintained for a long time period. 

An preferred embodiment of the present invention will now be described with reference to the 
accompanying drawing. 

Referring to the drawing, a packaged medical device according to the present invention 
comprises a medical device 1 such as hollow fiber blood processing device, as sealed in a 
60 sterile bag 2 and further hermetically sealed, together with a deoxidizing agent 3, in a wrapping 
member 4. That is, the medical device 1 as such is first sealed in the sterile bag 2 and, then, 
after sterilization with gamma-rays, hermetically sealed into the wrapping member 4 together 
with the deoxidizing agent 3. 
The sterile bag 2 is a gas-permeable sterile bag and the wrapping member 4 is made of an 
65 oxygen-impermeable material. The reason for using such a gas-permeable bag as the sterile bag 
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is that if a gas-impermeable sterile bag be employed, even if sealing is made under oxygen-free 
conditions, the oxygen inherent in the medical device itself is gradually released and collects 
within the sterile bag and, as experience tells, the decrease in strength of the medical device is 
accelerated at elevated temperature. 
5 In the invention, the term "sterile bag" is intended to mean a bag which is subjected to 
sterilization treatment in a state that a medical device is contained therein and through the wall 
of which bacteria cannot pass. The sterile bag may be gas-permeable over the entire surfaces 
thereof or in a part thereof. 
Examples of the sterile bag include the followings: (1) A bag, both sides of which are made of 

10 a laminated polyester-polyethylene film and which has one or more gas-permeable parts where 
one or more openings such as slit are provided in the laminated film and the opening portions 
are covered with a polyethylene non-woven fabric or a wood-free paper. (2) A bag, one side of 
which is made of a wood-free paper or a polyethylene non-woven fabric, and the other side of 
which is made of a laminated polyester-polyethylene film. (3) A bag, both sides of which are 

1 5 made of a wood-free paper or a polyethylene non-woven fabric. 

The reason for using a wrapping member made of an oxygen-impermeable material is to 
prevent infiltration of oxygen from external environments and, hence, to ensure a long efficacy 
life of the deoxidizing agent. Examples of the wrapping member used in the invention include a 
laminated sheet consisting of an exterior polyester film, an intermediate aluminum foil (or aluml- 

20 num deposition layer) and an inner polyethylene film, a laminated sheet consisting of ari exterior 
polyester film, an intermediate polyethylene film, an intermediate aluminum foil (or aluminum 
deposition layer) and an inner polyethylene film, a laminated sheet consisting of an exterior 
biaxially orientated polypropylene film, an intermediate ethylene-vinyl alcohol copolymer film and 
an inner polyethylene film, a laminated sheet consisting of an exterior vinylon film having a 

25 polyvinylidene chlorine coating on both sides thereof and an inner polyethylene film, a laminated 
sheet consisting of an exterior biaxially orientated polyvinyl alcohol film and an inner polyethylene 
film, a laminated sheet consisting of an exterior polyvinylidene chloride-coated orientated poly- 
propylene film and an inner polyethylene film, a laminated sheet consisting of an exterior 
polyvinylidene chloride-coated polyester film and an inner polyethylene film, a laminated sheet 

30 consisting of an exterior polyvinylidene chloride-coated oriented nylon film and an inner polyethyl- 
ene film, a laminated sheet consisting of an exterior polyvinylidene chloride-coated cellophane 
and an inner polyethylene film, and a laminated sheet consisting of an exterior laminated high 
impact polystyrene-polyvinlidene chloride-polyethylene film and an inner non-oriented polypropyl- 
ene film. From the standpoint of cost and efficiency, the most preferred examples of the 

35 oxygen-impermeable material are a laminated sheet consisting of an exterior polyester film, an 
intermediate aluminum foil (or aluminum deposition layer) and an inner polyethylene film, and a 
laminated sheet consisting of an exterior polyester film, an intermediate polyethylene film, an 
intermediate aluminum foil (or aluminum deposition layer) and an inner polyethylene film. 
The sterilization method may be any radiation-sterilization method, including one using gamma- 

40 rays and one utilizing electron beams. However, the present invention is more effective in case 
of sterilization with gamma-rays, which has a greater influence on the strength of the medical 
device, since the effect of the present invention which comprises sealing a medical device in an 
oxygen-impermeable wrapping member together with a deoxidizing agent is noticeably exhibited, 
especially when the problem of decreased strength of the medical device due to radiation-excited 

45 oxygen is taken into consideration. 

The absorbed dose used in the radiation-sterilization varies depending upon the kind of medical 
device and the kind of radiation. In the case of sterilization of hollow fiber blood processing 
device with gamma-rays, an absorbed dose of 1 .8 to 2.5 Mrad is usually used. 
Because the deoxidizing agent is sealed together with a medical device contained in a gas- 

50 permeable sterile bag, it must be non-toxic. Moreover, the deoxidizing agent is preferably one 
which does not give rise to gases (hydrogen gas, carbon dioxide gas, and the like) upon 
absorption of oxygen. For these reasons, the deoxidizing agent is desirably one based on an 
active metal or metal compound and having its reaction rate, etc. controlled by a catalyst. The 
active metal or metal compound may for example be iron, zinc, copper or tin, or oxides of the 

55 foregoing metal but among the currently available deoxidizing agents, those based on activated 
iron oxide are most desirable. Among commercial deoxidizing agents of this type is Ageless (a 
commercial name of Mitsubishi Gas Chemical Company, Inc.). The deoxidizing agent is contained 
in a gas-permeable bag or container. 
In the present invention, it is essential that, the medical device-containing bag is previously 

60 sterilized and then sealed together with a deoxidizing agent in an oxygen-impermeable wrapping 
member. That is, it must be avoided that a medical device is sealed together with a deoxidizing 
agent in a gas-impermeable bag and is subjected to radiation-sterilization in a state that the 
deoxidizing agent is present in the bag. The reason therefor is that when the medical device- 
containing bag is subjected to radiation sterilization in a state that a deoxidizing agent is present 

65 in the bag, the D value (which means the absorbed dose in which the number of bacteria is 
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reduced to one-tenth time that before irradiation) is increased. This tendency is marlced particu- 
larly in the case of a medical device using cellulose acetate hollow fiber, as shown in Example 4. 
The tendency is also observed in the case of a medical device using silicone rubber hollow fiber. 
As a method for removing the odor generated within the sterile bag, it might be contemplated 
5 to seal active carbon as a deodorant together with the medical device but in view of the fact 
that this material occupies more than 10 times the volume of a typical deoxidizing agent, that its 
deodorizing efficiency is poor at elevated temperature, and that it does not prevent the decrease 
of strength with time, for instance, the use of active carbon is not suitable for the purposes of 
the present invention. 

10 Referring to the medical device to be packed according to the present invention, the method 
for inhibiting decrease of strength in accordance with the present Invention, that is a method 
comprising sealing a medical device contained in a gas-permeable sterile bag in an oxygen- 
impermeable wrapping member together with a deoxidizing agent after radiation-sterilization, can 
be applied to the radiation-sterilization of any medical device basically made of a plastic material. 

15 For example, the present invention is of course effective for a medical device such that its loss 
of strength will be confined within a tolerable range even without provision of any specific 
means for preventing such decrease of strength. However, from the standpoint of cost and 
efficiency, the present invention can be preferably applied to hollow fiber blood processing 
devices particularly to blood processing devices employing cellulose acetate hollow fiber mem- 

20 branes. Typical example of hollow fiber blood processing devices includes dialyzer for artificial 
kidney. The present invention is also preferably applied to artificial lung employing silicone rubber 
hollow fiber membranes and catheter made of silicone rubber. 

The present invention is more specifically described and explained by means of the following 
Examples It is to be understood that the present invention is not limited to the Examples, and 

25 various change and modifications may be made in the invention without departing from the spirit 
and scope thereof. 

^^A"diatyzer containing a bundle of 8,800 cellulose acetate hollow fibers each having an effective 
30 length of 20 cm, an outer diameter of 230 urn and an inner diameter of 200 fim was placed in 
a qas-permeable sterile bag, both sides of which was made of a laminated polyester-polyethyl- 
ene film and which had a slit on the one side thereof with the slit portion being covered with a 
Dolvethylene non-woven fabric, and the bag was sealed. The bag containing the dialyzer was 
sterilized by irradiation of gamma-rays in a dose of 2.5 Mrad. The sterilized bag was inserted 
35 together with 10 g of Ageless as a deoxidizing agent into a wrapping member in the form of 
bag and made from a laminated sheet consisting of a polyester film having a thickness of 12 
um an aluminum foil having a thickness of 9 //m and a polyethylene film having a thickness of 
40 'urn, which layers were laminated in that order, and the wrapping member was heat-sealed. 
The deodorizing effect was determined at appropriate time intervals. The results are shown in 
40 Table 1. In Table 1, 1W, 2W and 4W represent the storage periods of 1, 2 and 4 weeks, 
respectively. The symbols in Table 1 mean the followings: 

O : No odor is detected. 
X : Odoe is detected. 

45 

^"rhT'same procedures as In Example 1 were repeated except that a laminated sheet consisting 
of a polyester film having a thickness of 12 um. a polyethylene film having a thickness of 15 
um, an aluminum foil having a thickness of 9 fim and a polyethylene film having a thickness of 
50 40 fim. which layers were laminated in that order, was used as a wrapping member. 
The results are shown in Table 1. 

Comparative Examples 1 and 2 , x u 

The same procedures as in Example 1 were repeated except that 50 g of an active carbon 
55 was used Instead of Ageless (Comparative Example 1) or both Ageless and the active carbon 

were not used (Comparative Example 2). 
The results are shown in Table 1. 
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The results of Table 1 reveal that the use of a deoxidizing agent produces a noticeable 
deodorizing effect. 

Example 3 

5 The same hollow fiber as used in Example 1 was sterilized and packaged in the same manner 
as in Example 1. The aging of the strength of the follow fiber was determined. The results are 
shown in Table 2. In Table 2, each strength value Is expressed in terms of an average value ± 
standard deviation for ten hollow fibers. 

10 Comparative Example 3 ' 

The same procedures as in Example 3 were repeated except that no deoxidizing agent was 
used. The results are shown in Table 2. 



GB2t80815A 6 



c c 

O -r* 
4J 10 - 

H <SS <* 
C J3 



.-J o> <u ja 

•H C M 

n 0) jQ (M 
c w -s, 

(U 4J 4J t7> 



4J <d — 

Its (U (W 

c ja 



x: j< ki 

(1) IQ <U 
r-t 0» 0» XI 
•H C h-H 
CO (U J3 tM 
CM X, 
0) 4J 4J 0^ 
« (0 — 



(U .U to 0) 

r-l Cn 0) J3 

•H C M -H 

to O Xl**4 

c u \ 

(1) -U 0^ 

« RJ ^ 



U 'O 

o £ 

4J O 

CO o 



1^ 



+! +1 +1 
in r-i in 



+1 +1 +1 
cj m o 



O CO o 

+1 +1 +1 
r- r- 



r~ r- (~~ 



00 ca r- 



GO vo o 



r* ID in 



a\ c4 CO 

+ 1 +\ +1 

o o cn 

r* 00 r- 

(M 03 o 

+t +1 +1 



7 



GB2180815A 7 



The results of Table 2 reveal that the use of a deoxidizing agent contributes remarkably to 
prevention of decrease in strength due to aging from the hollow fiber. 

Example 4 

5 The same dialyzer as used in Example 1 was placed in the same sterile bag as used in the 
Example 1 and gamma-rays were irradiated thereto. The D value was determined with respect to 
Bacillus pumilus ATCC 27142. The results are shown in Table 3. 

The same procedures as in the above were repeated with a dialyzer using polypropylene 
hollow fibers or an artificial lung using silicone rubber hollow fibers. The results are also shown 
10 in Table 3. 

Comparative Example 4 

The same procedures as in Example 4 were repeated except that each medical device was 
placed together with Ageless in the same oxygen-impermeable wrapping member as used in 
15 Example 1 and then subjected to irradiation of gamma-rays. The results are shown in Table 3. 



Table 3 



20 



25 



Hollow fiber 


D value 


(Mr ad) 


Ex. 4 


Com . Ex . 4 


Cellulose acetate 


0.213 


0.405 


Polypropylene 


0.197 


0.210 


Silicone rubber 


0.167 


0.258 



25 



Results of Table 3 reveal that the irradiation of gamma-rays in the presence of a dioxidizing 
agent invites a great increase in the D value, particularly in the case of cellulose acetate hollow 
fiber. Therefore, it is desirable that the irradiation of gamma-rays is carried out in the absence of 
a dioxidizing agent. . 
35 In addition to the elements and ingredients used in the Examples, other elements and ingredi- 
ents can be used in the Examples as set forth in the specification to obtain substantially the 
same results. 

It will be apparent from the foregoing description that since the present invention comprises 
sealing a medical device contained in a gas-permeable sterile bag further in an oxygen-impermea- 
40 ble wrapping member together with a deoxidizing agent, it eliminates the oxygen from the 
wrapping member as well as from the sterile bag and even disposes of the oxygen emanating 
gradually from the medical device as well. 

Furthermore, since the wrapping member is made of an oxygen-impermeable matenal, there is 
substantially no entry of external oxygen so that the deoxidizing agent may retain its function for 
45 an extended time period. 

CLAIMS ^, . 

1. A packaged medical device comprising a medical device; a gas-permeable sterile oag 
containing the medical device therein; a wrapping member made of oxygen-impermeable material 

50 and wherein said madical device-containing bag, previously subjected to radiation-sterilization, is 
sealed; and a deoxidizing agent contained in the wrapping member together wrth the medical 
device-containing bag. ,. • . j j- 

2. The packaged medical device of Claim 1 , wherein said radiation stenlization is dry radia- 
tion-sterilization in a gaseous atomosphere. 

55 3. The packaged medical device of Claim 2, wherein said dry radiation-sterilization is stenliza- 
tion with gamma-rays. 

4. The packaged medical device of Claim 1 , wherein said deoxidizing agent is based on 
activated iron oxide. .... . „ r-u 

5. The packaged medical device of Claim 1, wherein said medical device is a hollow fiber 
60 blood processing device. 

6. The packaged medical device of Claim 5, wherein said hollow fiber blood processing 
device is a dialyzer using a cellulose acetate hollow fiber membrane. 

7. The packaged medical device of Claim 5, wherein said hollow fiber blood processing 
device is an artificial lung using a silicone rubber hollow fiber membrane. 

65 8. The packaged medical device of Claim 1, wherein said oxygen-impermeable wrapping 
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member is a laminated polyester-aluminum-polyethylene sheet. 

9. The packaged medical device of Claim 1, wherein said oxygen-impermeable wrapping 
member is a laminated polyester-polyethylene-aluminum-polyethylene sheet. 

10. A packaged medical device as claimed in claim 1, substantially as described herein with 
5 reference to the accompanying drawing. 
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(54) Die drawing of tubular 
thermoplastics 

(57) A hollow workpiece (9) 
comprising an orientable, 
thermoplastic polymer is drawn 
down in sectional area by passage 
in the solid phase through a die (7) 
having both an entry side and an 
exit side, by applying to the hollow 
workpiece (9) from the exit side of 
the die a tension insufficient to 
cause tensile failure of the 
workpiece but sufficient to deform 
the hollow workpiece by drawing it 
with reduction in its bulk cross- 
sectional area in the solid phase 
simultaneously thriugh the die (7) 
and over an internally positioned 
former (4, 3, 5,) having a cross- 
sectional area greater than the 
initial internal cross-sectional area of 
the hollow workpiece; and 
collecting the deformed hollow 
workpiece (10) from the exit side of 
the die. 
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SPECIFICATION 
Tubular materials 

5 This invention relates to tubular materials; more particularly, this invention relates to a process 
for the solid phase deformation of tubular materials of an orientable, thermoplastic polymer and 
to the oriented tubular materials so produced. 

In our patent GB 2060469B we have described a process for the solid phase deformation of 
a workpiece of an orientable, thermoplastic polymer, which process comprises providing the 

1 0 workpiece of the essentially unoriented polymer at the entry side of a die; applying to the 

workpiece from the exit side of the die a draw tension insufficient to cause tensile failure of the 
workpiece; and drawing the workpiece through the die so that its plastic strain is progressively 
increased during start-up of the process. 
This invention seeks to provide oriented tubular materials having improved mechanical 

1 5 properties, especially in directions other than the machine direction. 

According to the present invention, there is provided a process for the deformation of a hollow 
workpiece comprising an orientable, thermoplastic polymer by passage in the solid phase 
through a die having both an entry side and an exit side, which process comprises providing the 
hollow workpiece at the entry side of the die; applying to the hollow workpiece from the exit 

20 side of the die a tension insufficient to cause tensile failure of the workpiece but sufficient to 
deform the hollow workpiece by drawing it with reduction in its bulk cross-sectional area in the 
solid phase simultaneously through the die and over an internally positioned former having a 
cross-sectional area greater than the initial internal cross-sectional area of the hollow workpiece; 
and collecting the deformed hollow workpiece from the exit side of the die. 

25 By "bulk cross-sectional area" of the hollow workpiece is meant the area of the bulk of the 
workpiece substantially normal to the machine direction; by "internal cross-sectional area" of 
the hollow workpiece is meant the area of the hollow within the workpiece substantially normal 
to the machine direction. By way of example, in a tubular workpiece, the former area is 
wiDJ-DI) where D„ is the outside diameter and Dg is the bore of the tubular workpiece while the 

30 other area is wj^l. . . ^ n 

The process of the present invention is effected by utilising at the die and, optionally, 
downstream therefrom a former internally positioned within the hollow workpiece and haying a 
cross-sectional area of at least the initial internal cross-sectional area of the hollow workpiece 
and preferably, the same cross-section. Preferably the cross-sectional area of the former is 

35 greater than the initial internal cross-sectional area of the hollow workpiece and this may 
advantageously be provided by a former of progressively increasing cross-sectional area. 

The term "hollow workpiece" as used herein includes tubes and other cross-sections of 
hollow stock. The term includes both billets and other forms of stock of greater length; indeed, 
continuous stock, which may be formed as the process is performed, may be utilised. Examples 

40 include open-ended elongate workpieces of substantially constant cross-section, desirably with 
an axis of symmetry; for example, hollow workpieces of circular, elliptical, square, rectangular or 
triangular cross-section. . 

The orientable thermoplastic polymer desirably is or becomes a semicrystalline polymer, 
especially one which exhibits sufficient strain hardening and strain rate dependence of the flow 

45 stress to stabilise the neck formed under the desired drawing conditions. Preferred classes of 
such polymers are unsubstituted or mono- or poly- halo-, for example chloro- or fluoro- 
substituted vinyl polymers, unsubstituted or hydroxy-substituted polyesters, polyamides, polyeth- 
erketones and polyacetals. Suitable examples include a linear homo- or copolymer of ethylene or 
propylene with at least one comonomer; a vinyl chloride polymer, a vinyl fluoride polymer or a 

50 vinylidene fluoride polymer; PHB; PEEK; or a homo- or co-polyoxymethylene. 

The polyester is one which is derivable from the reaction of at least one polyhydric alcohol, 
suitably a linear polyhydric alcohol, preferably a diol, with at least one polybasic acid, suitably a 
polycarboxylic acid. The alcohol is preferably an alicyclic or aliphatic such alcohol; for example, 
cyclohexanedimethanol or a linear Cj to Cg alkylene diol such as ethylene glycol, 1 ,3-propylene 

55 glycol or 1,4-butylene glycol, especially ethylene glycol. The acid is preferably an aromatic, 
alicyclic or aliphatic such acid; for example a mono- or poly carbocyclic aromatic acid such as o, 
m- or terephthalic acid; 2,6- or 1 ,5-naphthalene dicarboxylic acid; or 1,2-dihydroxybenzoic 
acid especially terephthalic acid. Examples of suitable polyesters include polyethylene 2,6- 
naphthalate, polyethylene 1 ,5-naphthalate, polytetramethylene 1,2-dihydroxybenzoate, poly- 

60 ethylene terephthalate, polybutylene terephthalate and copolyesters, especially of ethylene 
terephthalate. , j * 

Where it is intended to utilise the die drawing process of this invention to produce a product 
with enhanced Young's modulus; resistance to creep; resistance to gas transport; enhanced 
deadfold; or enhanced axial thermal conductivity then a workpiece of a linear homo- or 

65 copolymer of ethylene should desirably comprise a polymer having a weight average molecular 
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weight {MJ less than 1,000,000, suitably from 50,000 to 500,000, preferably from 70,000 
to 400,000; one of a linear homo- or copolymer of propylene should desirably comprise a 
polymer having a M„ from 1 50,000 to 800,000, preferably from 250,000 to 500,000. 

However, the die drawing process of this invention may also be performed, to provide a more 

5 advantageous forming process but not the enhanced properties listed above, on a hollow 5 
workpiece of an orientable, amorphous polymer: for example polymethyl methacrylate or 
polystyrene; or of an orientable, semicrystalline ultra high molecular weight polymer {for 
example, a linear homopolymer of ethylene having aTUf^ about 3,000,000). It may likewise be 
utilised, but to a lower deformation ratio, in respect of those polymers which would otherwise 

1 0 give the enhanced properties lised above. 1 0 

The hollow workpieces used in the process of this invention may incorporate a filler. Examples 
of useful fibrous fillers include glass, asbestos, metal, carbon and ceramic whiskers, such as 
those formed from silicon carbide. Examples of useful laminar fillers include mica, talc and 
graphite flakes. Chalk and fly ash may also be included. The amount of filler which may 

1 5 advantageously be included depends on the nature of the filler, but up to 50% by weight, 1 5 

preferably less than 30%, especially less than 20%, may be incorporated. 

The hollow workpiece may be essentially unoriented before deformation. The term "essentially 
unoriented" as used herein means that the hollow workpiece has incurred no orientation other 
than that minor amount which might be induced during formation of the workpiece, (including 

20 orientation produced in the semi-molten state) for example during billet moulding or melt 20 
extrusion, or during any subsequent shaping thereof, for example by machining, prior to the 
performance of the die drawing process of this invention. 

Where it is not possible to use the polymer as received as a hollow workpiece, the workpiece 
may be formed either in the batch or continuously. In either case care must be taken to ensure 

25 that the workpiece cools at an appropriate rate so that the resulting hollow workpiece will be 25 
without defects. 

In the case of a hollow workpiece formed in the batch, for example a polymer billet, the 
following general methods have been found to be suitable. The polymer may be melted in a 
screw extruder; extruded or injected into a billet mould at a temperature about SOX above its 

30 melting point and cooled under elevated pressure for 5 hours, or it may be melted in an 30 
extruder; extruded or injected into a cold billet mould; transferred to an oven for 4 hours under 
ambient pressure at a temperature below its melting point but above its crystallisation 
temperature; and thereafter allowed to cool in the oven after the heating has been switched off. 
The polymer may also be injection moulded into an air or water cooled billet mould. Progressive 

35 immersion in the cooling fluid is preferred, thereby ensuring that solidification of the polymer 35 
takes place from the bottom of the mould thereby preventing the formation of internal voids due 
to shrinkage. The hollow workpiece may be formed in the batch by including a mandrel of 
appropriate cross-section, usually coaxially, in the mould. Alternatively, stock of circular or other 
hollow cross-section may be produced continuously using one of several processes known to 

40 those skilled in the art. '*0 
As the hollow workpiece is to be drawn over a former having a cross-sectional area greater 
than the internal cross-sectional area of the hollow workpiece a belled nose must first be formed 
on the hollow workpiece to permit start-up. This may be produced by rolling the hollow 
workpiece onto the former; inflating an elastomeric bag inside the nose region of the hollow 

45 workpiece; or drawing a conical former upstream into the nose region of the hollow workpiece. 45 
In performance of the invention a nose formed on the hollow workpiece is advanted to 
protrude through the die lips and is secured to tensioning means applied from the exit side of 
the die. A suitable arrangement includes a hauloff comprising a pair of serrated jaws in which 
the nose is gripped; a high tensile cable one end of which cable is attached to the jaws, the 

50 other to a winch or a loading station to which a turning moment or mass may be applied 50 
thereby applying a draw tension to the nose. The hauloff may also comprise, instead of a cable, 
any tension transmitting means used in the metal drawing art including a chain, a rack and 
pinion mechanism, a screw mechanism and a hydraulically operated draw mechanism. The 
hauloff may further comprise a pair of continuous contra-rotating friction belts, generally known 

55 as a "cateipitlar" ("CATERPILLAR" is a registered Trademark.) 55 
The draw tension should be sufficient to draw the hollow workpiece through the die but 
insufficient to cause tensile failure of the article; that is, the draw tension should be such that 
the true stress at any point of the product does not exceed its fracture stress at that point. A 
suitable maximum value of draw tension may readily be determined by routine experiment. In 

60 the case of strain hardening polymers, as the drawing progresses the flow stress of the strained 60 
portions of the workpiece increases. This will permit a greater draw tension to be applied (giving 
an increased plastic strain). This enables greater cross-sections of workpiece, or smaller 
apertures of die, or both, to be utilised also giving a further increase in plastic strain. These 
increases further strengthen the strained polymer so that the strain can be progressively 

65 increased during start-up until a product having desired final properties (for example. Young's 65 
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modulus or cross-sectional area) is attained whereafter steady state processing coridltions obtain. 

After a grippable length of the hollow workpiece has been drawn through the die any 
unsuitably oriented part of its nose may be removed and the oriented grippable length re- 
gripped thereby enabling a higher toad to be applied. 
5 For a particular polymer, a steady state process is obtained for a given set of temperature, 
draw speed and deformation ratio. "Deformation ratio' as used herein is the ratio of the initial 
cross-sectional area of the hollow workpiece to the final cross-sectional area of the product. 
These parameters vary implicitly, but it has been found possible, for a particular polymer, to set 
the die temperature (which will be only a nominal temperature for the polymer since the process 
10 is not an isothermal one) and the workpiece shape and vary, by experiment, the draw speed to 
obtain the desired deformation ratio. 

For linear homo- and copolymers of ethylene the hollow workpiece is desirably heated to a 
temperature within 60°C below the melting point of the polymer. More particularly, for such 
polymers of from 50,000 to 150,000, the temperature is preferably from 70°C to 100°C; 
15 and for such polymers of M„ above 300,000 from 70°C to 120X. For linear homo- and 

copolymers of polypropylene of weight average molecular weight from 1 50,000 to 800,000 the 
hollow workpiece is desirably heated to a temperature from 20°C to 170°C, preferably 90°C to 
1 SOX A temperature of SOX to 1 70X, preferably 1 SOX to 1 70X is suitable for homo- or 
copolyoxy methylene; of BOX to 165X is suitable for vinylidene fluoride polymers and of 55X 
20 to 1 1 0X or even S5X to 1 20X is suitable for polyester. The polymer temperature may be 
further controlled by utilising a heated die and/or a temperature controlled chamber which 
extends downstream. Certain polymers may also be heated by subjecting them to a dielectnc 
field, as disclosed in EPC 0084274 and US 3364294. 
Very clear oriented, polyester material may be prepared by the process of the invention by 
25 heating an orientable thermoplastic workpiece of the polyester material to a temperature from 
55X to 105X, preferably from 60X to 90X, at the entry side of the reducing die; and 
deforming the workpiece by passage through the die in the solid phase at a nominal 
deformation ratio of at least 2:1 , preferably of at least 3:1 . 

If a measure of clarity may be sacrificed the workpiece may be heated above 105 C; for 
30 example to 1 10X or even to 1 1 5X above which temperature the resulting product is both 
cloudy and of diminished modulus. ,. , . , ^. . 

It is feasible to use draw speeds greater than 1 cm min"' in the die drawing process of this 
invention; indeed, speeds of 50 cm min"' or more are preferred. 
A batch process may be converted to a continuous one by putting the upstream end ot tne 
35 deforming hollow workpiece and the downstream end of stock of the same cross-sectional both 
in contact with a hot, stainless steel plate; removing the plate and welding the two polymer 
surfaces Preferably such a weld should be at an angle of 45' or less to the axis of the stock. 

Utilising the die drawing process of this invention on polymers which show adequate strain 
hardening and strain rate dependence of the flow stress, it is possible to obtain deformation 
40 ratios of at least 4, preferably 10 or even more. . , . 

Deformation ratios readily attainable by the process of this invention are 4:1 (PfctK); 4:i to 
6-1 (PET, PVDF and polyamide); 7:1 to 9:1 (POM); and 8:1 to 12:1 (polyolefins). 

The invention will now be further described, by way of example, with reference to the 
accompanying drawings in which: j , 

45 Figure 1 represents a schematic side elevation of the apparatus diametrically sectioned along 
the machine direction; . , . , , ^ . , 

Figure 2 represents a detailed side elevation of the die geometry in which at least a portion ot 
the die bore is convergent; .. ■ - c i 

Figure 3 represents a hoop prepared and deformed as described in the fcxampie, 
50 Figure 4 represents a detailed side elevation of die geometry differing from that of Fig. 2 in 
that at least a portion of the die bore is divergent; and , „ „ . 

Figure 5 represents a detailed side elevation of die geometry differing from that of Fig. 2 in 
that the die bore is constant. ^- t 

It is observed that in each of the geometries illustrated in Figs. 2, 4 and 5 at least a portion of 
55 the die-former configuration defines a reducing cross-sectional area for the flow path of the 
deforming hollow workpiece. . . ■ . • 

In the drawing, the apparatus consists of a reducing die 1 of 1 5 semi-angle and maxinfium 
reduction (or ideal deformation) ratio of 2.68 and. upstream thereof, an oven 2 from which a 
mandrel 3 (21 .8 mm diameter and 10 mm length), having tapered leading and trailing edges 4, 
60 5 is supported by rod 6 (16 mm diameter) in the die exit 7 which is 1 cm in length and 

without taper. Hautoff jaws 8 are connected downstream from the reducing die to a winch (not 

^^InTuse an initial hollow workpiece 9 of orientable thermoplastic polymer is machined at one 
end to form a nose. It is then inserted over the mandrel and rod into the oven, maintained at a 
65 temperature of 100X, so that the machined end protrudes through the die exit, the die also 
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being maintained at 1 00°C. The machined end is next gripped in the hautoff jaws and load 
applied, slowly at first such that the plastic strain of the billet is progressively increased without 
causing tensile failure. After start-up a steady drawing speed at a steady drawing load is 
established. 

5 The following Examples illustrate the invention. 
EXAMPLE 1 

An ethylene copolymer of the following specification: 

10 0.7 -CH = CH2 groups/ 1 000 C atoms 

1 .4 -CH3 groups/ 1 000 C atoms 

M„ 205,500 
M„ 1 8,000 

M"„M„ 11.4 

15 

(Marlex 47100 ex Phillips; "MARLEX" is a registered Trade Mark) was melt extruded into a 
billet mould having an internal diameter of 3 inches at 220°C; and cooled to ambient 
temperature under elevated pressure for 1 5 hours to give a void-free billet 700 mm in length. 
This billet was then bored-out to 25 mm I.D. and machined externally to 63 mm O.D.; and a 

20 nose, 1 00 mm in length, was then machined on one end of the billet by continously increasing 
the bore to 40 mm and continously turning down the outer surface to 52 mm O.D., the two 
frusto-conical surfaces so generated each having a semivertical angle of 7°. The hollow billet so 
formed was next incorporated into the aforementioned apparatus and heated to 1 00°C. 

After being left for at least 2 hours in the apparatus at the temperature of 1 00°C in order to 

25 attain thermal equilibrium, the protruding nose of the billet was gripped by a clamp at the exit 
side of the die and the billet, at an initial temperature of 1 00°C, was drawn through the die at a 
speed of 1 0 mm min - ' at a tension of about 400 kg wt until sufficient oriented polymer 
appeared to enable repositioning of the clamp whereupon this process was repeated until drawn 
material from the bulk of the billet appeared at the exit side of the die. After a final repositioning 

30 of the clamp drawing was recommenced at a draw speed of 1 90 mm min ~ ' at a tension of 
1400 kg wt until substantially all of the billet has been drawn to given an oriented ethylene 
copolymer tube of 40.5 mm O.D. and 32.2. mm I.D. and having an actual deformation ratio of 
5.5. 

1 0 mm lengths were cut from the tube to provide hoops; it was found that they could be 
35 deformed in a vice in a direction at right angles to the machine direction to a substantial strain 
in which the vice jaws were only 24 mm apart before fracture of the hoops occured. Even on 
fracture the hoops remained intact, the cracks not having propagated to the internal surfaces of 
the hoops. 

If a portion of a hoop is deformed instead by application of a net force away from the centre 
40 of curvature of the hoop the internal surface of the hoop does not fracture but, rather, 
undergoes plastic flow. 

A more quantitative test is now described which was effected to demonstrate the enhanced 
ductility of the tubes produced in accordance with the present invention. 

A soft rubber bung was inserted into a length of the tube prepared as aforesaid. The bung 
45 was then compressed by two pistons mounted to be contra-axially and internally slidable in the 
tube. A circumferential scale measured the maximum change in girth of the tube prior to 
rupture. The force applied to the pistons was a measure of the rupture stress generated. 

It was found that the tube expanded in girth by 4.6% before breaking at a rupture stress of 
30 MPa. A comparison tube of the same polymer prepared as disclosed in GB 2060469B 
50 expanded in girth by 1 .3% before breaking at a rupture stress of 26 MPa. It will be seen, 

therefore, that the tube of the present invention exhibited a nearly threefold increase in ductility 
over the tube prepared as disclosed in GB 2060469B. 

EXAMPLE 2 

55 A length of clear tube of isotropic, amorphous polyethylene terephthalate of 18.5 mm I.D. 
and 25 mm O.D. (as received ex AKZO) was pre-treated, prior to drawing, in the following way. 
The tube was mounted as a bung to a high pressure air line. The central portion of the tube was 
then heated inside a mould by pouring water at 95°C thereover and, while hot, expanded by 
admitting air into the tube at 100 p.s.i. With the air pressure maintained the tube was 

60 quenched by immersion in a water bath at ambient temperature. The air pressure was next 
released and the bubble so formed was sawn through at its equator to provide two bell-ended 
tubular billets. 

The billet so formed was then incorporated into the aforementioned apparatus in which the 
mandrel and die tooling was that shown in Fig. 4 of the accompanying drawings and wherein 
65 the frusto-conical portion of the mandrel has a 15° semi-angle expanding from a 18 mm 
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diameter to a 35 mm diameter while tlie die has a semi-angle of approximately 1 3°. The billet 
was heated to 75°C and maintained for 1 hour at that temperature in order to attain thermal 
equilibrium. . , , i^- ^ u 

At low drawing speeds {typically 1 cm min"') noisy stick-slip occurred and the resulting tube 

5 had a irregular, rather thick (1 .2 mm) wall of 36 mm O.D. However, with higher drawing 
speeds stick-slip disappeared: at a drawing speed of 30 cm min-^ a clear, smooth tube was 
produced with a 27 mm O.D. If the drawn product was quenched as it left the mandrel it was 
found that the tube retained a higher O.D; for example, at a drawing speed of 65 cm min- 
clear, smooth tube of 33 mm O.D. and a wall thickness of 0.5 mm was produced. 

10 The drawn product was qualitatively assessed to be very tough and crease-proof. Further 
drawing of strips cut in the machine direction was not possible at ambient temperature. 
Circumferential strips could, however, be drawn by approximately 100%. 

15 ^Sth of unplasticised PVC thick walled tube of 32 mm I.D. and 42 mm O.D. (Polyorc BS 
3505 CL7 ex ICI) was pre-treated, prior to drawing, in the following way. 

A bell-end was formed at one end of the tube by pulling a metal taper-nosed cylinder of the 
followinq configuration: cylindrical nose 32 mm diameter, 30 mm long; then a cone of 1 5 bVA 
leading to a cylindrical body of 59 mm, 70 mm long, heated to ISO'C, into it. The tube was 
20 oriqinally at room temperature but the end to be deformed received heat from the hot cylinder. 
This softened the tube and allowed the tapered cylinder to be drawn into the tube along a 
length of 1 5 cm, thereby expanding the end. The tube was then cooled with the taper in place, 
after which the taper was removed. (The operation was made easier both by greasing the taper 
and also by chamfering the leading edge of the tube.) 
25 The bell-ended billet so formed was next heated in an oven to 95 C and drawn through the 
mandrel and die tooling shown in Fig. 5 of the accompanying drawings and maintained at the 
same temperature. „ ^ „ 

The dimensions of the die were: Length 60 mm; Bore diameter 42 mm. 
The dimensions of the mandrel were: 
30 Cylindrical neck 32 mm diameter, 60 mm long; ,. , . , . ^ i ^ kq ^™ 

Conical expanding zone 15° SVA leading to; a short cylindrical section 5 mm long, 58 mm 
diameter. The mandrel was fitted so that its neck was coax.ally within the die and he conically 
expanded part was substantially outside the die and downstream therefrom but held Position 
sJ that a constriction was formed between the downstream end of the die and Je upstream end 
35 of the expanding cone of the mandrel. The constriction reduced, the tube wall thickness at this 
po^nt from S 0 mm to 3.7 mm regulating and controlling the flow of the deforrrjing PVC tube. 
The mandrel was provided with a hole for a cartridge heater. This heater brought the 
temperature of the mandrel to 95X prior to start up, when it was removed. A soak t>rne of 1 "2 
hours was allowed for the billet, oven and mandrel to attain equilibrium. The inside of the billet 
40 was lightly lubricated with grease. ,....„ j * -rn 

The expanded end of the billet was then grasped and the billet drawn at a speed of 70 
cm/min, the draw force being 350 kg. , „ .j cc hnra 

The resulting product was a shiny uniform, tough tube 61 mm outside diameter; 55 mm bore 

45 ""'ThisTorresponds to a hoopwise expansion of 1 .6X and a 'f"9thwise extension of 1 .05X 
In accordance with a further aspect of this invention, a defornied hollow workpiece of this 
invention may be further fabricated, for example by slitting and/or rolling into sheet stock. 

50 ^^"^1 process for the deformation of a hollow workpiece comprising an orientable, thermo- 
plastic polymer by passage in the solid phase through a die having both an entry side and an 
exit side which process comprises providing the hollow workpiece at the entry side of the die. 
applying to the hollow workpiece from the exit side of the die a tension insufficient to cause 
tensile failure of the workpiece but sufficient to deform the hollow workpiece by d^avving it w.^^ 

55 reduction in its bulk cross-sectional area in the solid phase ^-rnultaneously through the d e^^^^^ 
over an internally positioned former having a cross-sectional area Q/eater than the 'n^'a' 'Eternal 
cross-sectional area of the hollow workpiece; and collecting the deformed hollow workpiece from 

Z^'^Vprocesfa^crording to Claim 1 wherein the polymer comprising the hollow workpiece is 
60 a semicryslBllme pdym^r. ^^^.^ ^ ^^^^^.^ ^^^^^^^ unsubstituted or n.ono- or poly 
halo-substituted vinyl polymer, unsubstituted or hydroxy-substituted polyester, a polyamide or a 

^°4.^'' A^rocess according to Claim 3 wherein the polymer is a linear homo-or copolymer of 
65 ethylene or propylene with at least on comonomer. 
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5. A process according to Claim 4 wherein the polymer is a linear homo- or copolymer of 
ethylene of M„ from 50,000 to 500,000. 

6. A process according to Claim 5 wherein the hollow workpiece is heated to a temperature 
within 60°C below the melting point of the polymer. 

5 7. A process according to Claim 4 wherein the polymer is a linear homo- or copolymer of 5 
propylene of M„ from 1 50,000 to 800,000. 

8. A process according to Claim 7 wherein the hollow workpiece is heated to a temperature 
from 20°C to 1 70''C. 

9. A process according to Claim 3 wherein the polymer is a polyoxymethylene. 

10 10. A process according to Claim 9 wherein the hollow workpiece is heated to a temperature 10 
from BOX to 1 70°C. 

11. A process according to Claim 3 wherein the polymer is a vinyiidene fluoride polymer. 

12. A process according to Claim 1 1 wherein the hollow workpiece is heated to a 
temperature from BOX to 1 65X. 

15 13. A process according to Claim 3 wherein the polymer is a polyester. 1 5 

14. A process according to Claim 1 3 wherein the hollow workpiece is heated to a 
temperature from 55°C to 120°C. 

15. A process according to any preceding claim wherein the hollow workpiece comprises a 
filler. 

20 16. A process according to any preceding claim wherein the hollow workpiece is essentially 20 
unoriented before deformation. 

17. A process according to any preceding claim wherein the hollow workpiece is an open- 
ended elongate workpiece of substantially constant cross-section. 

1 8. A process according to Claim 1 7 wherein the hollow workpiece has an axis of 

25 symmetry. 25 

19. A process according to Claim 1 8 wherein the hollow workpiece has a circular, elliptical, 
square, rectangular or triangular cross-section. 

20. A process according to any preceding claim wherein at the die and, optionally, 
downstream therefrom there is positioned within the hollow workpiece a former having a cross- 

30 sectional area of at least the initial internal cross-sectional area of the hollow workpiece. 30 

21 . A process according to any preceding claim wherein the die is heated. 

22. A process according to any preceding claim wherein the oriented thermoplastic material 
passes through a heated chamber downstream from the die. 

23. A process according to any preceding claim wherein the hollow workpiece is drawn 

35 through the die in the solid phase at a nominal deformation ratio of at least 3:1 . 35 

24. A process according to Claim 23 wherein the draw speed is greater than 50 cm min~'. 

25. A process according to Claim 23 or 24 which is continuous. 

26. A toughened oriented polymer material prepared by the process of any preceding claim. 
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SPECIFICATION 

Solid phase deformation process 

5 This invention relates to solid phase defornnation processes; more particularly, this invention 
relates to the solid phase deformation of orientable, semi-crystalline, thermoplastic polymeric 
materials; and to improve polymeric materials obtained thereby. 

During the last twenty years, a very substantial amount of research has been effected into the 
improvement of, principally, the mechanical properties of flexible polymers by orientation. The 

1 0 required very high orientation of the molecular chains of flexible polymers, notably linear 

polyethylene, may be obtained either by preventing the formation of chain folded crystallites, as 
with precipitation from solution in an extensional flow regime, or by transforming a previously 
chain folded morphology into one comprising extended molecular chains, as with mechanical 
deformation: see, for example, our UK Patent Nos. 1480479 and 2060469B. 

1 5 The latter class of procedures has the substantial advantage that, particularly in the case of 
filament spinning and drawing, existing industrial practice can integrate the procedures with 
comparatively small change. A disadvantage, however, notably in relation to polymeric stock of 
substantial cross-section is the amount of processing space necessarily required by the large 
deformation ratios which are dictated. ■ ■ t • 

20 This invention seeks to provide a solid phase deformation process in which higher effective 
deformation, at given deformation ratios, than was hitherto available is manifest. 

According, therefore, to one aspect of this invention there is provided a process for the 
deformation of a workpiece comprising an orientable, thermoplastic polymer by passage in the 
solid phase through a die having both an entry side and exit side, which process comprises 

25 providing the workpiece comprising the orientable, thermoplastic polymer which is initially 

present, at least in part, in an extended chain crystalline morphology at the entry side of the die; 
causing the workpiece to deform in the solid phase through the die; and collecting the deformed 
workpiece from the exit side of the die. 

Preferably, the process effects a reduction in the bulk cross-sectional area of the workpiece. 

30 (By 'bulk cross-sectional area' is meant the area of the bulk of the workpiece normal to the 
machine direction.) Preferably, the die is a reducing die. 

Not all polymers are capable of existing with an extended chain crystalline morphology; 
however, the process of the present invention is applicable to linear polyethylene and fluorinated 
vinyl polymers; for example polyvinylidene fluoride and polytetrafluoroethylene, the latter 

35 existing in an extended chain crystalline morphology at standard temperature and pressure. 
From a commercial standpoint, the process of the present invention is of particular importance 
in relation to linear polyethylene, preferably having a weight average molecular weight (M„) 
from 50,000 to 3,000,000, especially from 100,000 to 1,500,000. In contrast to other solid 
phase deformation processes, the process of the present invention is facilitated by the use of 

40 high M polymers; for example, linear polyethylene having an M„ greater than 750,000. Where 
the process of the present invention isxutilised in relation to polyvinylidene fluoride, it is 
desirable that the polymer has an M„ from 200,000 to 800,000, preferably 250,000 to 
400,000. ^ ^ ^ ^ 

The term "workpiece" as used herein includes bars, strips, rods, tubes and other cross- 

45 sections of solid or hollow stock. The term includes both billets and other forms of stock of 
greater length; indeed, continuous stock, which may be formed as the process is performed, 
may be utilised. x u • 

The orientable, semi-crystalline, thermoplastic workpieces used in the process of this invention 
may be filled. Examples of useful fibrous fillers include glass, asbestos, metal, carbon and 

50 ceramic whiskers, such as those formed from silicon carbide. Examples of useful laminar fillers 
include mica, talc and graphite flakes. Chalk and fly ash may also be included. The amount of 
filler which may advantageously be included depends on the nature of the filler, but up to 50% 
by weight, preferably less than 30%, especially less than 20% may be incorporated. 

It is preferred that a major amount of the polymer is present in an extended chain crystalline 

55 morphology before the deformation process of this invention is effected. 

In accordance with a preferred embodiment of this invention the workpiece is caused to 
deform through the reducing die in the solid phase by hydrostatically extruding it therethrough. 
Draw-assisted hydrostatic extrusion, as described in our UK Patent No. 1480479, may be 
utilised with advantage. The net hydrostatic pressure (that is, the difference between the applied 

60 extrusion pressure and the applied extrudate pressure which, as explained subsequently, need 
not be substantially standard pressure) for extrusion to occur will, at a given extrusion 
temperature, increase with increasing extrudate pressure and will, at a given extrudate pressure, 
decrease with increasing temperature. A value from 0.2 to 3.0 kbar, preferably from 0.5 to 2.0 
kbar, for example 1 kbar, is found to be suitable. 

65 It is also feasible to deform the workpiece by drawing it through the reducing die without 
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hydrostatic pressure. 

It is also preferred that the reducing die temperature is above the Tg of the polymer but below 
the melting point of the polymer at the ambient pressure at which the deformation is effected. 
As the deformation temperature increases (and it may increase to high values where high 

5 ambient pressures are used, it being appreciated that the melting point of the polymer increases 5 
by approximately 20°C for each kbar of applied pressure) above 200°C process control becomes 
increasingly difficult. It is, therefore, preferred that the extrusion is effected at an atmospheric 
ambient pressure and at a temperature from 90°C to 120°C, in the case of linear polyethylene. 
The polymer may also be dielectrically heated, as disclosed in EPA 0084274. 

10 While nominal deformation ratios (Rn) of up to 50, for example 20, have been obtained with 10 
linear polyethylene it is a feature of the process of the present invention that more effective 
deformation is attained. That is, a given enhancement of a physical property may be attained at 
a lower deformation ratio by the present process. Accordingly, Rn is suitably from 4 to 12, 
preferably from 5 to 1 0; for example 8. 

1 5 This invention also provides a process as herein described wherein the extended chain 1 5 

crystalline morphology is first imparted to the polymer by subjecting the workpiece to a 
temperature and pressure at which the polymer crystallises with this morphology. This aspect of 
the invention may be effected separately, as is preferred, or may be effected in the extrusion 
apparatus, as subsequently described, immediately prior to deformation, it being understood 

20 that the apparatus should be capable of withstanding a pressure of 5 kbar at a temperature of 20 
275X. Chain extended crystalline morphology is found to be imparted to the polymer at 
pressure above 3.5 kbar {but it is not usually necessary to exceed 4.8 kbar) and temperature 
above 220°C (in the case of linear polyethylene) and 207° (in the case of polyvinylidene 
fluoride). 

25 The presence of chain extended crystalline morphology is manifest by an increased melting 25 
point (DSC) and a higher density. In the case of linear polyethylene these are, respectively, 
>140°C and >0.98 g cm-3. 

The invention also provides an oriented, semi-crystalline, thermoplastic polymer prepared by 
the process of the present invention. This invention further provides oriented linear polyethylene 
30 which has been deformed to a deformation ratio not greater than 20; for example 1 2, and 30 
which has an axial modulus of at least 1 5 GPa; for example, of at least 1 0 GPa. 

Furthermore, this invention provides a set hydraulic cementitious or organic thermoset mass 
which incorporates an oriented polymer prepared by a process of the invention. 

The invention will now be further described, by way of example, with reference to the 
35 accompanying drawing, in which: 35 
the sole figure represents an axial cross-section of the annealing and extrusion apparatus used 
in the process of the present invention. 

In the drawing, the apparatus comprises a generally cylindrical hydrostatic extrusion vessel 1 
containing an axially aligned chamber 2, having a diameter of 20 mm and an effective length of 
40 1 70 mm, which is closed at an upstream end by an internally slidable piston 3 in a fluid-tight fit 40 
therewith which piston is connected externally to a load cell (not*shown) of a universal testing 
machine. The downstream end of the chamber is formed with two, internal, axially symmetric 
shoulders 4 and 5 which are each threaded to receive a threaded conical reducing die 6 in 
which a workpiece 7 is seated and a threaded upstream end of an extrudate vessel 8 by which 
45 the reducing die is effectively clamped in position and which comprises an axially aligned 45 
extrudate chamber 9, having a diameter of 8 mm and an effective length of 220 mm. The 
downstream end of the extrudate vessel is formed with an internal shoulder 1 0 which is 
threaded to receive a threaded end closure 1 1 . Both the extrusion and the extrudate vessels 
have a first and second port 1 2 and 1 3, respectively, which communicate with pressure varying 
50 systems (not shown); and are both provided with circumferential band heaters 1 4 and 15 50 
enabling the tooling temperature to be maintained within 2°C. 
The use of the apparatus is described in the following Example which illustrates the invention. 

EXAMPLE 

55 Preparation of the billet and its pressure annealing 55 
High density polyethylene (Rigidex 006/60 ex BP Chemicals Ltd. M„= 135,000; 
M„= 25,500; "RIGIDEX" is a registered Trade Mark) was melt extruded into a billet mould and 
cooled slowly with isostatic compaction. A number of cylindrical billets were so produced having 
a density ca. 0.97 g cm"^. A nose was then machined on each billet so that it would accurately 

60 mate with the reducing die as shown in the accompanying drawing. Three reducing dies having 60 
bore diameters of 2.5, 3.1 and 5.0 mm were used; the conical semi-angle was 15' in each 
case. 

Each billet was, in turn, urged into position in the reducing die; the tooling was assembled as 
shown in the accompanying drawing; and the chambers filled with a silicone oil (DC 550 ex 
65 Dow Corning), and suitably bled. A hydro-pump was used to raise the oil pressure in both 65 
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vessels to a mean value of 3 kbar at the ambient temperature, a slighly higher pressure being 
maintained in the extrusion vessel which was sufficient to retain the billet in position without its 
undergoing extrusion. Thereafter, the band heaters were energised, the heat causing expansion 
of the silicone oil and a further increase of pressure: at a temperature of 200°C the pressure had 
5 attained 4.5 kbar. Heating was continued with the pressure being maintained at about 4.5 kbar, 
either by withdrawing the piston (though it is the primary purpose of the piston, in this phase of 
the process, to act as a static seal) or releasing some of the silicone oil via the ports, until an 
equilibrium temperature of 240°C was attained. The billet was then annealed at this tempera- 
ture and pressure for 1 hour, the whole procedure to the termination of annealing taking about 
10 3 to 4 hours. The band heaters were next switched off and the extrusion vessel allowed to cool, 
while maintaining the pressure at 4.5 kbar, to about 160"C. After this, both the temperature 
and pressure were permitted gradually to fall; when the temperature had fallen to 1 00°C, the 
residual excess pressure was released by venting the ports. 

1 5 Hydrostatic extrusion of tiie pressure annealed billet 

The band heaters were re-energised, the silicone oil being raised to an equilibrium tempera- 
ture of 100°C. Load was then applied to the piston to urge it into the extrusion vessel at a 
constant speed. The workpiece (or billet) was extruded through the die at an extrusion speed of 
up to 200 mm min-^■ for example, 5 mm min~^ 

20 In some of the experimental runs effected with others of the prepared billets a pressure was 
applied to both the extrusion and extrudate vessels to give a high ambient pressure, the back 
extrusion pressure in the extrudate vessel being maintained constant during extrusion by venting 
port 1 3. 

At the termination of the extrusion, the temperature was, in each case, allowed to fall to 
25 below 100°C before the excess pressure was released and the product extracted. 

The axial modulus of the extruded products was determined by the 3-point bend method at 
strains >0.1% taking the response 10 seconds after application of the load. The results are 
shown in the following Table. 
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NOMINAL 
EXTRUSION RATIO 



EXTRUSION 
TEMPERATURE 
(°C) 

100 
100 
140 
160 



EXTRUDATE 
BACK PRESSURE 
(kbar) 



2.0 
3.0 



AXIAL 
MODULUS (GPa) 



15.9 
32.6 
33.8 
33.7 



7.9 

17.5 
18.3 



'Pressure annealed billets i,io<->,no 
^Billets prepared and deformed in accordance with the disclosure of UK Patent No. 1480479 
It will be apparent from the above results that pressure annealing effected before extrusion of 
50 the workpiece enables a much more effective deformation to be attained; that is, for a given 
deformation ratio a much greater increase in axial modulus is obtained. It will also be apparent 
that application of substantial pressure after annealing has no comparable effect. 

CLAIMS . u , ■ 

55 1 . A process for the deformation of a workpiece comprismg an orientable, thermoplastic 
polymer by passage in the solid phase through a die having both an entry side and an exit side, 
which process comprises providing the workpiece comprising the orientable, thermoplastic 
polymer which is initially present, at least in part, in an extended chain crystalline morphology at 
the entry side of the die; causing the workpiece to deform in the solid phase through the die; 
60 and collecting the deformed workpiece from the exit side of the die. 

2. A process according to Claim 1 wherein the polymer is linear polyethylene, polyvinylidene 
fluoride or polytetrafluoroethylene. 

3 A process according to Claim 2 wherein the polymer is linear polyethylene. 
4. A process according to Claim 3 wherein the linear polyethylene has a weight average 
65 molecular weight (MJ from 50,000 to 3,000,000. 
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5. A process according to Claim 4 wherein M„ is from 100,000 to 1,500,000. 

6. A process according to Claim 2 wherein the polymer is polyvinylidene fluoride. 

7. A process according to Claim 6 wherein the polyvinylidene fluoride has an from 
200,000 to 800,000. 

5 8. A process according to any preceding claim wherein the workpiece is formed as a bar, 5 
strip, rod or tube. 

9. A process according to any preceding claim wherein polymer is filled. 

10. A process according to any preceding claim wherein the workpiece is hydrostaticaly 
extruded through the reducing die. 

10 11. A process according to Claim 1 0 wherein the hydrostatic extrusion is draw-assisted 1 0 

hydrostatic extrusion. 

12. A process according to any of Claims 1 to 9 wherein the workpiece is drawn through 
the reducing die without hydrostatic pressure. 

13. A process according to Claim 10, 11 or 1 2 wherein the reducing die temperature is 

1 5 above the Tg of the polymer but below the melting point of the polymer at the ambient pressure 1 5 
at which the deformation is effected. 

14. A process according to any preceding claim wherein the ambient pressure at which the 
extrusion is effected is atmospheric pressure. 

15. A process according to any preceding claim wherein the deformation ratio is from 4 to 

20 20. 20 

16. A process according to Claim 15 wherein the deformation ratio is from 5 to 10. 

17. A process according to any preceding claim wherein the extended chain morphology is 
first imparted to the polymer by subjecting the workpiece to a temperature and pressure at 
which the polymer crystallises with this morphology. 

25 1 8. A process according to Claim 1 7 wherein the polymer is linear polyethylene and the 25 
workpiece is heated to a temperature above 220°C while being maintained in the solid phase. 

19. A process according to Claim 1 7 wherein the polymer is polyvinylidene difluoride and 
the workpiece is heated to a temperature above 207 °C while being maintained in the solid 
phase. 

30 20. A process according to any of Claims 1 7 to 19 wherein the workpiece is subjected to a 30 
pressure of at least 3.5 kbar. 

21 . An oriented, semi-crystalline, thermoplastic polymer prepared by the process of any 
preceding claim. 

22. Oriented linear polyethylene which has been deformed to a deformation ratio not greater 

35 than 1 2 and which has an axial modulus of at least 1 5 GPa. ■ 35 

23. A set hydraulic cementitious or organic thermoset mass which incorporates an oriented 
polymer according to Claim 21 or 22. 
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(54) Tubular materials 
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does not use any liquid lubricant. It enables greater degrees of expansion and hence orientation in the direction 
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TUBULAR MATERIALS 
This Invention relates to processes for the production of 
tubular materials of an orlentable thermoplastic polymer by solid 
phase deformation and to the products of those processes. 

Previous attempts to introduce biaxial orientation into 

05 tubular materials formed from orlentable thermoplastic polymeric 
materials by drawing them over an expanding former have Involved 
only a limited degree of expansion in the hoop direction i.e. in 
the direction perpendicular to the axis of the tube. British 
Patent 1456222 describes a process and apparatus used to draw a 

10 tube of thermoplastic polymer over an expanding former in order 
to calibrate the internal dimensions of the tube. The processes 
described require the application of a liquid lubricant to the 
inner surface of the workplece prior to its passage over the 
former. In our British Patent 2156733 we have described 

15 processes in which the tubular material is drawn simultaneously 
through a die and over an expanding former. 

He have now discovered that uniform biaxially oriented 
products can be produced by processes which comprise drawing the 
tubular material over an expanding former without the need to 

20 apply a liquid lubricant. Such procedures are advantageous in 
that the products may have a greater degree of orientation in the 
hoop direction and correspondingly uniformly greater strength in 
that direction than has previously been attainable. Furthermore 
insofar as they involve only drawing the tubular material over a 

25 former they offer advantages In simplicity of operation and in 
the improved appearance of the product. 

Accordingly from one aspect our invention provides a process 
for the production of a biaxially oriented tubular material which 
comprises drawing a hollow workplece comprising an orlentable 

30 thermoplastic polymer over an internally positioned expanding 
former without the application of a liquid lubricant to the 
interior of the workplece which Is characterised in that the 
deformation of the workplece is carried out in the absence of any 
external force actina in s direction which is perpendicular to 

35 the axis of the workplece. 



The term "hollow workplece" as used herein includes tubes and 
other cross-sections of hollow stock. The term includes both 
billets and other forms of stock of greater length. Continuous 
stock, which may be formed as the process is performed, may be 

05 utilised. Examples include open-ended elongate workpieces of 
substantially constant cross-section, desirably with an axis of 
symmetry; for example, hollow workpieces of circular, elliptical, 
square, rectangular or triangular cross-section. 

The orientable thermoplastic polymers may be a 

10 semi crystal! ine polymer such as polyethylene, polypropylene or 
polyvinyl 1 dene fluoride, an amorphous crystallising polymer such 
as polymethylmethacrylate or a crystal 11 sable polymer such as 
polyvinyl chloride, polyesters or polycarbonates. Examples of 
preferred classes of such polymers are unsubstituted or mono- or 

15 poly- halo-, for example chloro- or fluoro- substituted vinyl 
polymers, unsubstituted or hydroxy-substltuted polyesters, 
polyamides, polyetherketones and polyacetals. Specifically, 
linear homo- or copolymers of ethylene or propylene with at least 
one comonomer; a vinyl chloride polymer; a vinyl fluoride polymer 

20 or a vinyl idene fluoride polymer; PHB; PEEK; or a homo- or 
co-polyoxymethylene may be utilised. 

The hollow workplece is preferably essentially unorlented 
before deformation. The term "essentially unoriented" as used 
herein means that the hollow workplece has incurred no 

25 orientation other than that minor amount which might be induced 
during formation of the workplece, (including orientation 
produced in the semi-molten state) for example during billet 
moulding or melt extrusion, or during any subsequent shaping 
thereof, for example by machining, prior to its passage over the 

30 former. However, workpieces which have been oriented to a 
considerable degree may be advantageously utilised in the 
processes of the present Invention. For example workpieces which 
have been produced by extrusion through a die or by deformation 
in the solid phase through a die may be utilised. 
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Where it is not possible to use the polymer as received as a 
hollow workpiece, the workpiece may be formed either in the batch 
or continuously. In either case care should be taken to ensure 
that the workpiece cools at an appropriate rate so that the 

05 resulting hollow workpiece will be without defects. The 
techniques for forming such workpieces are well known in the 
art. For example in the case of a hollow workpiece formed from 
polyethylene in a batch process as a billet, the following 
general methods have been found to be suitable. The polymer may 

10 be melted in a screw extruder; extruded or injected into a billet 
mould at a temperature about 30°C above its melting point and 
cooled under elevated pressure for 5 hours, or it may be melted 
in an extruder; extruded or injected into a cold billet mould; 
transferred to an oven for 4 hours under ambient pressure at a 

15 temperature below its melting point but above its crystallisation 
temperature; and thereafter allowed to cool in the oven after the 
heating has been switched off. The polymer may also be injection 
moulded into an air or water cooled billet mould. Progressive 
immersion in the cooling fluid is preferred, thereby ensuringthat 

20 solidification of the polymer takes place from the bottom of the 
mould thereby preventing the formation of internal voids due to 
shrinkage. A hollow workpiece may be formed in the batch by 
including a mandrel of appropriate cross-section, usually 
coaxially, in the mould. Alternatively, stock of circular or 

25 other hollow cross-section may be produced continuously using one 
of several processes known to those skilled in the art. 

For any particular polymer a steady state process may be 
obtained by adjusting the parameters of the process. The actual 
values will depend on the nature of the polymer and the 

30 dimensions of the polymer before and after deformation. In 
particular we have discovered that the minimum hoop draw ratio 
for any particular polymer should be sufficiently high so as to 
ensure that a uniform product is produced. Preferably the axial 
draw ratio is also maintained at a level which ensures this. 



Where a non-uniform product Is produced under particular 
conditions these ratios can and preferably are increased. The 
actual values required to produce a uniform product of a 
particular polymer may readily be determined by routine 

05 experiment. 

The hoop draw ratio is defined as the ratio of the final hoop 
dimension to the initial hoop dimension and the axial draw ratio 
is the ratio of the initial bulk cross sectional area of the 
hollow workplece to the final bulk cross sectional area of the 

10 product. The hoop draw ratio Is conventionally expressed as the 
ratio of the maximum dimension of the product to maximum 
dimension of the workplece. Because the walls of a tubular 
workplece have a finite thickness the hoop draw ratio can be 
expressed either as the inner hoop draw ratio (i.e. the ratio of 

15 the inside diameter of the product to the inside diameter of the 
workplece) or the outer hoop draw ratio (I.e. the ratio of the 
outside diameter of the product to the outside diameter of the 
workplece. The inner hoop draw ratio will always be the larger. 
For polyoleflns and in particular linear homo and co 

20 polymeric polyethylenes the preferred inner hoop draw ratio is at 
least 1.2 and more preferably at least 1.5 and most preferably at 
least 2.0. The preferred axial draw ratio Is at least 2 and 
preferably greater than 3. The outer hoop draw ratio may be less 
than 1 but is preferably at least 1 and more preferably at 

25 least 1.5 or 2.0. The ratio of the axial draw ratio to the Inner 
hoop draw ratio is preferably at least 1 and less than 4, most 
preferably less than 2. For polypropylene it may be preferable 
to utilise large axial draw ratios even up to 7 or 8 and the 
ratio of the axial draw ratio to the hoop draw ratio is 

30 correspondingly Increased. 

For these polymers the hollow workplece is desirably heated 
to a processing temperature within 60°C of the melting point of 
the polymer prior to deformation. More particularly for 
polyethylene polymers having a weight average molecular weight of 



from 50,000 to 150,000 the temperature Is preferably from 70°C to 
100°C and for polymers having a weight average molecular weight 
of above 300,000 from 70 to 120°C. For linear homo- and 
copolymers of polypropylene of weight average molecular weight 

05 from 150,000 to 800,000 the hollow workpiece is desirably heated 
to a temperature from 20°C to 170°C, preferably 90°C to 130°C. 
The processing temperature is only a nominal temperature since 
the process is not isothermal but should be within the range 
which the polymer is amenable to deformation. 

10 The processes of the Invention find particular application In 

the production of tubular polyolefin materials wherein the 
thickness of the walls of the product tube is from to 0.1 
to 5.0 mm. 

By "bulk cross sectional area" is meant the area of the 
15 polymeric material substantially normal to the machine 
direction. Thus for tubular workpiece having an exterior 
diameter Do and an Interior diameter Dl the bulk cross sectional 




4 



20 A preferred class of polyesters Is those which are derivable 

from the reaction of at least one polyhydric alcohol, suitably a 
linear polyhydric alcohol, preferably a diol such as a linear C2 
to Cg diol, with at least one polybasic acid, suitably a 
polycarboxyllc acid. The alcohol is preferably an allcyclic or 

25 aliphatic such alcohol; for example, cyclohexane-dimethanol or a 
linear C2 to C5 alkylene diol such as ethylene glycol, 1,3- 
propylene glycol or 1,4-bytylene glycol, especially ethylene 
glycol. The acid is preferably an aromatic, allcyclic or 
aliphatic such acid; for example a mono- or poly carbocyclic 

30 aromatic acid such as an aromatic dicarboxyllc acid e.g. o, m-, 
or terephthalic acid; 2,6- or 1 ,5-naphthalene dicarboxyllc acid 
or 1,2 dihydroxybenzoic acid especially terephthalic acid. 



Examples of suitable polyesters include polyethylene 
2,6-naphthalate, polyethylene 1 ,5-naphthalate, polytetramethylene 
1 ,2-dihydroxyben2oate, polyethylene terephthalate, polybutylene 
terephthalate and copolyesters , especially of ethylene 

05 terephthalate. 

With polyesters the inner hoop draw ratio achieved is 
preferably at least two and preferably at least 3. At the same 
time the preferred axial draw ratio is at least two and 
preferably at least three. The processing temperature is 

10 preferably from 55 to 110°C or even 55 to nO'C. 

The processes of the present invention find particular 
application in the production of tubular materials comprising 
polyesters wherein the thickness of the wall of the product tube 
is from 0.2 to 0.6 mm. Such tubes are preferably produced from 

15 tubular billets utilising a deformation ratio of from 2 to 4. 

For homo- or copolyoxymethylene a draw temperature of 80°C 
to 170°C, preferably 150°C to 170°C is suitable and for 
vinylldene fluoride polymers a draw temperature of from 80°C 
to 165°C is suitable . 

20 For vinyl chloride polymers especially polyvinyl chloride 

itself the preferred axial and hoop draw ratios are at least 1.2 
preferably at least 1.5 or 2.0. Values of not greater than three 
may also be preferred. The ratio of the axial draw ratio to the 
Inner hoop draw ratio may be less than unity and is preferably in 

25 the range 0.5 to 1 .0. 

The processing temperature may be further controlled by 
utilising a heated former and/or a temperature controlled chamber 
which extends downstream. Certain polymers may also be heated by 
subjecting them to a dielectric field, as disclosed in EPC 0084274 

30 and US 3364294. 

It Is feasible to use draw speeds greater than 200 cm m1n~^ 
in the drawing process of this invention. Speeds of 50 cm mln"^ 
or more are preferred. Lower draw speeds may be used if desired. 



The process may be operated by drawing the workpiece directly 
over the surface of the former. However, it may be preferred to 
lubricate the surface of the former with a non-liquid lubricant 
as this can improve the quality of the interior surface of the 

05 workpiece and also serve to reduce the force required to draw the 
workpiece. Conveniently the surface is lubricated by use of air 
(which is preferably heated to an appropriate temperature). 
These advantages may also be achieved by varying the nature of 
the former, e.g. by utilising a former whose surface Is formed by 

10 a multiplicity of small rollers or spherical elements. 

The improved surface properties are of particular relevance 
to processes which utilise workpieces formed from transparent 
polymers. The processes of the present Invention find particular 
application to the production of transparent products since the 

15 exterior surface of the workpiece need not come into contact with 
the Interior surface of a die as is the case in the process of 
our UK Patent 2156733. Processes for the production of 
transparent workpieces in which the exterior surface of the 
hollow workpiece does not contact another solid surface form a 

20 preferred aspect of the present invention. The use of a 
lubricated surface on the former represents a preferred aspect of 
this embodiment. 

In some circumstances it may be preferable to employ a die 
having an Internal diameter equal to the external diameter of the 

25 workpiece to act as a guide member to support the workpiece prior 
to its being drawn over the former. Contact with the surface of 
such a guide may detract from the surface properties of a 
transparent workpiece and is thereby less preferred. However, 
when utilising opaque workpieces or transparent workpieces 

30 Intended for use in non-decorative applications, the use of such 
a guide may well be convenient. 

In performance of the Invention a nose formed on the hollow 
workpiece is advanced to protrude beyond the former and is 
secured to tensioning means applied from the exit side thereof. 



A suitable arrangement includes a hauloff comprising a pair of 
serrated jaws in which the nose is gripped; a high tensile cable 
one end of which cable is attached to the jaws, the other to a 
winch or a loading station to which a turning moment or mass may 
be applied thereby applying a draw tension to the nose. The 
hauloff may also comprise, instead of a cable, any tension 
transmitting means used in the metal drawing art including a 
chain, a rack and pinion mechanism, a screw mechanism and a 
hydraulically operated draw mechanism. The hauloff may further 
comprise a pair of continuous contra-rotating friction belts, 
generally known as a "caterpillar" ("CATERPILLAR" is a registered 
Trademark) . 

The draw tension should be sufficient to draw the hollow 
workpiece over the former but insufficient to cause tensile 
failure of the article; that is, the draw tension should be such 
that the true stress at any point of the product does not exceed 
its fracture stress at that point. A suitable maximum value of 
draw tension may readily be determined by routine experiment. 

After a grippable length of the hollow workpiece has been 
drawn over the former any unsuitably oriented part of its nose 
may be removed and the oriented grippable length re-gripped 
thereby enabling a higher initial load to be applied. 

A batch process may be converted to -a semi -continuous one by 
putting the upstream end of the deforming hollow workpiece and 
the downstream end of stock of the same cross-sectional both in 
contact with a hot. stainless steel plate; removing the plate and 
welding the two polymer surfaces. Preferably such a weld should 
be at an angle of 45''C or less to the axis of the stock. 

The invention will now be described by way of example by 
reference to the accompanying drawings in which:- 

Figure 1 represents a schematic side elevation of the 
apparatus diametrically sectional along the machine direction. 



In the drawing the apparatus consists of a former 1 and 
upstream thereof an oven 2. The former 1 is supported by rod 3. 
Hauloff jaws 4 are positioned downstream from the former 1 and 
are connected to the winch (not shown). The former has an 
05 annular slit 6 connected to pipe 7. 

In use the initial hollow workpiece 5 which has been machined 
at one end to provide a nose is inserted over the former 1 and 
rod 3. The nose is gripped in the jaws 4 and load applied slowly 
at first so that the plastic strain is increased without causing 
10 tensile failure. After this start-up a steady drawing speed at a 
steady drawing load is established. 

The invention is illustrated by the following Examples:- 
Example 1 

The workpiece comprised a tube of isotropic polypropylene 
15 (ICI grade GSE 108) having an internal diameter of 18.5 mm and an 
external diameter of 26.5 mm. 

As a preliminary operation a belled end was formed on one end 
of the tube by heating that end to a temperature of 140°C and 
inserting a hot metal plug in the shape of a taper nosed cylinder 
20 into the bore of the tube. The end of the tube and the plug were 
Immersed in hot oil until the end had deformed sufficiently. 

The tube was then mounted in the apparatus illustrated in 
Figure 1. The tube was drawn over a former having a maximum 
diameter of 70 nmi and a cartridge heater through which additional 
25 heat could be applied. The tube was drawn at a speed of 13 cm 
- min~T at a draw temperature of -ISS^C and using a draw force of 
1.55 kN. 

The drawn tube was substantially uniform throughout its 
length having an exterior diameter of 62 mm and a wall thickness 
30 of 0.225 mm. The hoop draw ratio of the outer surface was 2.25. 
The axial draw ratio was 6.5. 

The 10 sec creep modulus at 0.1% strain of samples cut from 
the drawn tube was determined for the axial and hoop direction 



-lo- 
using the standard dead loading creep method described by Gupta 
and Ward (V.B. Gupta and I.H. Ward - J. Hacromol. Sci. Bl 373 
1967). The 10 sec creep modulus in the axial direction was 3.7 
GPa and in the hoop direction 1.7 GPa. 
Example 2 

A tubular billet having an external diameter of 25mm and an 
internal diameter of 17mm of a clear amorphous copolyester 
(Eastmann 9921) was first deformed so as to provide a belled 
nose. The tube was placed in an oven at a temperature of llO'-C 
in such a way that a zone of a length of approximately 15 
centimetres was heated. After 5 minutes the tube was removed and 
quickly inflated with room temperature compressed air to a 
pressure of 620 KN/m2 whereupon a bubble is blown in the heated 
part. After depressurising and cooling one end of the bubble is 
removed so as to produce a belled end on the tube. 

The tube was then mounted in the apparatus illustrated in 
Figure 1 Air heated to a temperature of gs^C was passed through 
the slit 6 via the pipe 7 so as to float the tube above the 
surface of the former. The air pressure used was 275 KN/m2 and 
the air flow was 40 cubic feet per hour. 

The oven was maintained at a temperature of 90°C throughout 
the drawing process. The tube was drawn at a speed of 20 cm/mi n 
.using a d;raw force of 1.5 KN. 

The drawn tube was transparent and had an exterior diameter 
of 76 mm. The wall thickness was 0.31 mm. The axial draw ratio, 
was 3.5. The hoop draw ratio of the outer surface was 3.0. 

The Youngs modulus of samples of the drawn tube having a 
width of 9.8 mm and a gauge length of 10.6 cms were determined in 
an Instron tensile testing machine at a strain rate of 3.3 x 10"^ 
sec,"^ . 

The stress strain curve was linear up to at least 0.5% 
strain. The initial modulus for the axial and hoop directions 
are shown in Table 1 - 



Table 1 

Direction Initial Hodulus (GPa) Extension to Break (%) 

Axial 3.1 63 

Hoop 3.0 68 



Example 3 

A series of billets were formed and drawn using the apparatus 
as shown in Figure 1. The conditions employed and the results 
achieved are summarised in Table 2. For ease of comparison the 
details of Examples 1 and I are included in this table. 
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What we claim is 

1. A process for the production of a biaxially oriented tubular 
material which comprises drawing a hollow workpiece comprising an 
orientable thermoplastic polymer over an internally positioned 
expanding former without the- application of any liquid lubricant 
to the interior of the workpiece which is characterised in that 
the deformation is carried out in the absence of any external 
force acting in a direction which is perpendicular to the axis of 
the workpiece. 

2. A process according to Claim 1 characterised in that the 
thermoplastic polymer is a semi-crystalline polymer. 

3. A process according to Claim 2 characterised in that the 
thermoplastic polymer is a polyolefin. 

4. A process according to Claim 3 characterised in that the 
thermoplastic polymer is a polyethylene. 

5. A process according to Claim 3 characterised in that the 
thermoplastic polymer is a polypropylene. 

6. A process according to any of Claims 2 to 5 characterised in 
that the inner hoop draw ratio is at least 1.2. 

7. A process according to any of Claims 2 to 6 characterised in 
that the inner hoop ratio is at least 1.5. 

8; A process according to any of Claims 2 to 7 characterised in 
that the axial draw ratio is at least 2. 

9. A process according to Claim 8 characterised in that the 
axial draw ratio is at least 3. 

10. A process according to either of Claims 5 to 9 characterised 
in that the axial draw ratio is less than 8. 

11. A process according to Claim 1 characterised in that the 
thermoplastic polymer is a crystallisable polymer. 

12. A process according to Claim 11 characterised in that the 
thermoplastic polymer is a polyester. 

13. A process according to either of Claims ■ 11 or 12 
characterised in that the inner hoop draw ratio is at least 2. 

14. A process according to Claim 13 characterised in that the 
inner hoop draw ratio is at least 3. 
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15. A process according to any of Claims 11 to 14 characterised 
in that the axial draw ratio is at least 2. 

16. A process according to Claim 11 characterised in that the 
thermoplastic polymer is po1y( vinyl chloride). 

05 17. A process according to Claim 16 characterised in that the 
inner hoop draw ratio is at least 1.2. 

18. A process according to either of Claims 16 or 17 
characterised in that the inner hoop draw ratio is at least 1.5. 

19. A process according to any of Claims 16 to 18 characterised 
10 in that the ratio of the axial draw ratio to the inner hoop draw 

ratio is in the range 0.5 to 1.0. 

20. A process according to any of the preceding claims 
substantially as hereinbefore described with reference to the 
foregoing examples. 
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(54) Solid phase deformation process 

(57) There is disclosed a Focess for producing a product comprising linear polyethylene which process <f '"^t^S^te 
a workpiece which is to be extruded in the solid phase by consolidating under heat and pressure a mass of so .d particulate 
linear polyethylene, subjecting the resulting workpiece to heat treatment under pressure to cause polyeti^lene to 
crystal^e in an extended chain morphology with the melting point of tl^lyethytene be ng increased "^^^^ IJf/ ^ 
and the density to at least 0.98g/cm=. and thereafter deforming the workpiece of the resulting polyethylene .n the 
pSase. for example by passage through a die. to provide the polyethylene product whereby 

deformation ratio of at least 3. and preferably 3 to 25. The resulting polyethylene may have a Youngs modulus of at least 



deformation 

30 GPa and a melting point of at least 139.5°C. 
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SOLID PHASE DEFORMATION PROCESS 

This invention relates to solid phase 
deformation processes, and more particularly to the 
sold phase deformation of orientable. 

semi-crystalline, thermoplastic polymeric materials. 
During the past twenty years or so, a substantial 
amount of research has been carried out into the 
improvement of mechanical properties of flexible 
polymers, principally by orientation. The required 
very high orientation of the molecular chains of 
flexible polymers, notably linear polyethylene, may 
be obtained either by preventing the formation of 
chain-folded crystallites, as with precipitation from 
solution in an extensional flow regime, or by 
transforming a previous chain-folded morphology into 
one comprising extended molecular chains, as occurs 
using mechanical deformation; see, for example, UK 
patent Specifications Nos. 1480479 and 2060469B. 

The above-mentioned prior processes 
produce a high degree of anisotropy in the structure 
of the polymer, with concomitant improvement m 
mechanical properties in the machine direction. 

British Patent Specification 2157298A 
describes and claims a process for the deformation of 
a workpiece comprising an orientable, thermoplastic 
polymer by passage in the solid phase through a die 
having both an entry side and an exit side, which 
process comprises providing the workpiece comprising 
the orientable, thermoplastic polymer which is 
initially present, at least in part, in an extended 
chain crystalline morphology at the entry side of the 
die; causing the workpiece to deform in the solid 



phase through the die; and collecting the deformed 
workpiece from the exit side of .the die. This 
specification indicates that the weight average 
molecular weight (M^) of polyethylene used in the 
process may be from 50,000 to 3,000,000. However, it 
is difficult to process higher molecular weight 
polyethylene according to .the teaching of this prior 
specification, especially polyethylene with a of 
greater than 300,000, more particularly greater than 
350,000. 

The present invention seeks to provide a 
process comprising a solid phase deformation in which 
an improvement in mechanical properties • of the 
polyethylene with more satisfactory processing 
conditions, and constitutes especially an improvement 
over the process described in Specification No. 
2157298A. 

According to the present invention there 
is provided a process for producing a product 
comprising linear polyethylene which process 
comprises forming a workpiece which is to be extruded 
in the solid phase by consolidating under heat and 
pressure a mass of solid particulate linear 
polyethylene, subjecting the resulting workpiece to 
heat treatment under pressure to cause the 
polyethylene to crystallise in an extended chain 
morphology with the melting point of the polyethylene 
being increased to at least 139. 5°C and the density 
to at least 0.98g/cm^, and thereafter deforming a 
workpiece of the resulting polyethylene in the solid 
phase, for example by passage through a die, to 
provide the polyethylene product whereby the 
workpiece is subjected to a deformation extrusion 
ratio of at least 3, and preferably 3 to 25. 



The consolidation under heat and pressure 
o£ the mass o£ solid particulate linear polyethylene 
is carried out under conditions below the melting 
point o£ the polyethylene at the applied pressure 
with the melting only of a surface layer of the 
particles to form a solid cohered material. The 
procedure results in the formation of a solid piece 
of polyethylene which visually has the appearance of 
a similar extruded product, but it is an advantage of 
this procedure that the minimum entanglement occurs 
between molecules of polyethylene of adjacent 
particles and this has been found to be important m 
achieving the benefits provided by this invention. 

Preferably the workpiece is formed by 
consolidating a mass of solid particulate linear 
polyethylene by compression of as-polymerised 
polyethylene at ambient temperature using high 
pressure of the order of 150 to 250, preferably about 
200 MPa. and thereafter lowering the pressure to 100 
to 160, preferably about 130 MPa; thereafter the 
compacted powder is heated to a temperature of from 
130 to 150°C, and preferably about 140°C. whereby 
the polyethylene powder is consolidated into a 
compacted workpiece by melting only a surface layer 
of the particles to a solid cohered material. The 
polyethylene of the resulting workpiece is then 
suitable for annealing to produce the chain extended 
morphology required by the process of this invention. 

Preferably, the deformation effects a 
reduction in the bulk cross-sectional area of the 
workpiece. (By 'bulk cross-sectional area' is meant 
the area of the bulk of the workpiece normal to the 



machine direction.) This deformation is readily 
achieved by means of a reducing die. However, 
deformation in accordance with the invention can be 
achieved by drawing a workpiece through a pair of 
5 opposed pressure rolls. 

From a commercial standpoint, the process 
of the present invention is of particular importance 
in relation to linear polyethylene having a weight 
10 average molecular weight (M^) from 300,000 or 

350,000 to 3,000,000, preferably from 350,000 to 
1,500,000, and especially from 750,000 to 1,000,000. 

The term "workpiece" as used herein 
15 includes bars, strips, rods, tubes and other 

cross-sections of solid or hollow stock. The term 
includes both billets and other forms of stock of 
greater length; indeed, continuous stock, which may 
be formed as the process is performed, may be 
20 utilised. 

The workpieces used in the process of this 
invention may comprise a filler. Examples of useful 
fibrous fillers include glass, asbestos, metal, 

25 carbon and ceramic whiskers, such as -those formed 

from silicon carbide. Examples of useful laminar 
fillers include mica, talc and graphite flakes. 
Chalk and fly ash may also be included. The amount 
of filler which may advantageously be included 

30 depends on the nature of the filler, but up to 501 by 

weight, preferably from 5 to 30%, especially from 5 
to 20% may be incorporated into the polyethylene 
prior to the consolidation of particles to form a 
workpiece. 

35 



In accordance with a preferred aspect of 



this invention the workpiece is caused to deform 
through the reducing die in the solid phase by 
hydrostatically extruding it therethrough. 
Draw-assisted hydrostatic extrusion, as described in 
British Patent Specification No. 1480479, may be 
utilised with advantage. The net hydrostatic 
pressure (that is, the , difference between the applied 
extrusion pressure and the applied extrudate 
pressure) for extrusion to occur will, at a given 
extrusion temperature, increase with increasing 
extrudate pressure and will, at a given extrudate 
pressure, decrease with increasing temperature. A 
value from 20 to 300 MPa, preferably from 50 to 200 
MPa, for example 100 MPa, is suitable. 

The workpiece may also be deformed by 
drawing it through a heated reducing die without 
hydrostatic pressure. As the deformation temperature 
increases (and it may increase to high values where 
high ambient pressures are used as the melting point 
of the linear polyethylene increases by approximately 
20°C for each 100 MPa .of applied pressure) above 
200°C process control becomes increasingly 
difficult. It is, therefore, preferred to employ 
hydrostatic extrusion into an atmospheric pressure 
with the polyethylene at a temperature from 90 C to 
120°C as it undergoes extrusion. 

While nominal deformation ratios (Rj^) of 
up to 50, for example 20, have been obtained with 
linear polyethylene it is a feature of the process of 
the present invention that more effective deformation 
is attained. That is, a given enhancement of a 
physical property may be attained at a lower 
deformation ratio by the present process starting 
from particulate polyethylene. Accordingly, Rj^ is 
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suitably from 4 to 20, preferably from 8 to 14. 

The compacting of the particulate 
polyethylene may be effected in a separate operation, 
5 as is preferred, or may be effected in an extrusion 

apparatus prior to annealing and deformation, it 
being understood that the apparatus should preferably 
be capable of withstanding a pressure of 600 MPa at a 
temperature of 260°C. Chain-extended crystalline 

10 morphology is found to be imparted to the polymer at 

pressure above 350 MPa (but it is not usually 
necessary to exceed -480 MPa) and temperatures above 
220°C. It is generally preferred " to produce the 
chain-extended crystalline morphology at 450 MPa and 

15- 235°C. 

The presence of- chain-extended crystalline 
morphology in linear polyethylene is manifest by an 
increased melting point (DSC) and a higher density: 
20 these are, respectively, at least 139. 5°C or 

140°C and at least 0.98 g/cra^. 

The invention also provides linear 
polyethylene prepared by the process of the present 

25 invention. This invention further provides oriented 

linear polyethylene having a weight average molecular 
weight of at least 350,000, and preferably from 
350,000 to 1,000,000 which has been deformed to a 
deformation ratio of from 3 to 20, and which has a 

30 Young's modulus of at least 30 GPa and has a melting 

point of at least 139. 5°C; for example 10, and 
which has a Young's modulus of at least 30 GPa, for 
example, of at least 35 GPa. 

35 Furthermore, this invention provides a set 

hydraulic cementitious or organic therraoset mass 



which incorporates a reinforcement constituted by 
linear polyethylene prepared by the process of the 
invention. The reinforcement may be in the form of 
rods, monofilaments, tubes, tapes or the like, and 
may be non-circular in cross-section. 

The invention will now be further 
illustrated by way of examples with reference to the 
accompanying drawings, in which: 

Figure 1 shows in cross-section high 
pressure. annealing apparatus; and 

Figure 2 shows in cross-section a 
hydrostatic extruder. 

Referring to Figure 1 there is Illustrated 
Mgh pressure annealing apparatus 1 «hxch c-pnses 
an upper cylindrical vessel 2 which is provided h 
a piston 3 which is provided with a P"ssure-typ 
seal (not shown) with the surrounding housing. The 
piston is urged in the downward direction by a ra. 4 
and a screw-driven universal testing machine not 
:Lwn). The entire apparatus as shown in Figure 1 i 
counted in the co-pression zone of the machine. The 
iwer cylindrical vessel 5 constitutes a pressure 
lessel, the vessel being provided with an end closure 
6 which is provided with a central channel 7 to a 
port 8. The upper vessel 2 and the lower vessel 5 
are assembled together in operative position by .eans 
of the threaded sections 9 and 10 on the upper and 
lower vessels 2 and S . respectively. A cylinder 11 
is positioned between the upper and lower vessels 2 
and 3. The upper vessel and the pressure '"-^ 
shrouded in separately controlled electrical band 
heaters 12, 13, which enables a uniform temperature 



distribution to be maintained within the pressure 
vessel. In use a billet of consolidated polyethylene 
14 is positioned in the pressure vessel and a 
silicone fluid 15, such as DC 550 silicone oil, which 
is introduced into the pressure vessel before fitting 
the piston 3. Pressurisation of the silicone fluid 
is achieved by the compressive loading of the piston 
3, the lower portion of which is located in the lower 
vessel during use. The pressure within the pressure 
vessel is monitored continuously by a foil-gauge 
pressure transducer (not shown). The transducer is 
incorporated in. a pressure monitoring pipe which is 
connected into port 8 using standard high pressure 
fittings. Thermocouple leads monitoring temperature 
in the region of the billet pass through the 
pressurised cylindrical hole in the plug and through 
the pressure monitoring pipe to an insulated plug 
(not shown). Because the high temperatures and 
pressures used in the pressure vessel are severe, the 
seals 16 around the end closure 6 and the piston 3 
employ an 0 ring/mitre ring combination which need 
frequent replacement. The apparatus shown in Figure 
1 was seated on a support stand to enable access for 
both the thermocouple assembly and the pressure 
transducer. 

PRODUCTION OF WORKPIECE WITH EXTENDED CHAIN MORP HOLOGY 

A billet of linear polyethylene was 
produced by a compaction procedure employing 
as-polymerised linear polyethylene powder CR-516 ex 
BP Chemicals Ltd. M„ 742,000 and 13,600). 
The compaction equipment comprised a die and dual ram 
arrangement, the die itself being shrouded by a 
controlled band heater which enabled a uniform 
temperature to be achieved within the cavity of the 
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30 



die. The as-polymerised polyethylene powder was 
initially compressed by positioning the die with the 
powder therein within the compression zone of a 300 
tonne hydraulic press. The powder was initially 
compressed to 200 MPa at the ambient temperature of 
20°C. The applied pressure was then lowered and 
maintained at 130 MPa. The band heater around the 
die was then energized and the heating carried out 
until after about 40 minutes the polyethylene reached 
a final equilibrium temperature of 140 C. The 
pressure and temperature were maintained for a 
further 10 minute period after which the heater was 
switched off. . The die . and the contents were cooled 
by air jets with the ■. 130 ' MPa ' pressure being 
maintained during cooling to ambient temperature. 
The product formed as a result of this high pressure 
compaction procedure was a powder-compacted disc of 
cohered particles of about 140mm diameter and 20mm in 
thickness. The disc was machined to provide a billet 
for high temperature/pressure annealing. 

The billet 14 was introduced into the 
pressure vessel 5 displacing silicone oil which 
previously filled the vessel S. The heater was 
energized and the pressure transducer was allowed to 
attain a temperature of about 150°C. After 20 
minutes the pressure within the vessel was raised to 
approximately 300 MPa at room temperature. The 
heaters 12, 13 around both the upper and lower 
vessels 2, 3 were energized and as the heating 
proceeded the pressure was allowed to build up until 
after about 15 minutes a pressure of about 450 MPa 
was reached. 



When a temperature of 230°C was reached 
the pressure was held constant by approximately 
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withdrawing the piston. Approximately 40 minutes 
were required to attain this temperature which was 
within 5°C o£ the required annealing temperature; 
at this point the temperature was raised at about 
5 0.5°C/minute until the annealing temperature of 

240°C was reached, and thereafter these conditions 
were maintained until the billet was annealed. An 
annealing time of 0.5 hour at 240°C was generally- 
employed . 

10 

After the annealing was completed, the 
heaters of the upper and pressure vessels were 
switched off and an air fan was .employed to cool both 
vessels while the pressure was held constant. An 

15 initial cooling rate of about 5°C/minute was 

employed. After about 20 minutes the vessels .had 
cooled to about 160°C and the pressure was 
maintained constant during this period. Thereafter 
the pressure was not controlled but was allowed to 

20 drop with decreasing temperature. Even though the 

pressure was not held constant at this stage, the 
drop of pressure was such that an undercooling of 
80°C was observed, but no structural changes 
occurred. The vessels were allowed to cool further 

25 to below 80°C before the residual pressure was 

released and the annealed billet removed from the 
apparatus. The whole period for this annealing 
process to provide in the polyethylene the extended 
chain morphology took between 3 and 4 hours. 

30 

HYDROSTATIC EXTRUSION OF THE ANNEALED BILLET 

Referring to Figure 2, there is shown in 
35 cross-section the hydrostatic extruder 1. It employs 

a Fielding Piatt hydrostatic system capable of 
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generating up to 7 MPa pressure. The extruder 
comprises a central barrel 2 which is generally 
cylindrical and contains a cylindrical pressure 
chamber 3. One end of the barrel is closed with a 
plug 4 which is screwed into the end of the barrel. 
Seated against the plug 4 is the extrusion nozzle 5 
which includes a conical portion 6 and which effects 
the deformation of the billet 7 once the pressure 
vessel 3 is pressurised such that the billet is urged 
through the conical section and out to atmosphere to 
form the extrudate 8. At the opposite end of the 
barrel to plug 4 there is positioned plug 9 which 
contains passageways 10, the passageways constituting 
an inlet and outlet for the pressure transmitting 
fluid, castor oil. The extruder is fitted with 
electric heaters 11. 

In the extrusion procedure, it has been 
found desirable, because of the brittle nature of the 
chain-extended linear polyethylene resulting from the 
annealing process, to employ a brass sheath (not 
shown) to protect and support the billet during the 
extrusion process. After loading a machined billet 
with a matching conical section into the hydrostatic 
extruder, the chamber 3 was filled with castor oil, 
and the heaters energized. After about one and a 
half hours the temperature of the fluid within the 
chamber 3 had reached 100°C. The pressure 
transmitted by the castor oil was increased to apply 
a load to the billet to bring about extrusion. This 
was achieved with a pressure of 52.5 MPa. When a 
small portion of the extruded 8 emerged from the 
extruder a hauling-off load was applied in order to 
keep the extrudate in a linear condition. The 
pressure was then maintained at that value necessary 
to ensure a constant haul-off speed for the entire 
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extrusion procedure. The workpiece Cor billet) was 
extruded through the die at an extrusion speed o£ up 
to ZOmm/min.; and speeds of about Wmin. were 
usually employed with an imposed deformation ratxo of 
7 At the termination o£ the extrusion, the 
temperature was. in each case, allowed to fall to 
below 100°C before the pressure was released and 
the extrudate and the remaining end portion of the 
billet removed from the extruder. 

The billet (before extrusion) had an 
initial melting point of 142°C and the melting 
point of the extrudate was 141°C. The Young's 
modulus of the extruded billet, determined by a . 
three-point bending test at room temperature (10 sec. 
value) was 30.6 GPa. X-ray studies indicated that 
the polymer of the extruded billet was oriented. 



25 



35 
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CLAIMS 



A process for producing a product comprising 
linear polyethylene which process comprises 
forming a workpiece which is to be extruded in 
Z solu phase by consolidating under heat and 
pressure a mass o£ solid particulate linear 
polyethylene, subjecting the resulting • 
«orkpiece to heat treatment under pressure to 
cause the polyethylene to crystallise in an 
extended chain morphology with the ^^^^^^^ 
point of the polyethylene being increased to 
least 139. 5°C and the density to at least 
0.98g/cm^ and thereafter deforming the 
: rk iece of the resulting Polyethylene xt 
solid phase, for example by passage through a 
die. to provide the polyethylene product 
whereby the workpiece is subjected ^° ^ 
deformation ratio of at least 3. and preferably 
3 to 25. 

A process as claimed in claim 1 or claim 2 
wherein the linear polyethylene has a weight 
average Llecular weight CM,) from 300.000 to 
3,000,000. 

A process as claimed in claim 2 wherein T5„ is 
from 350,000 to 1,000,000. 

A process as claimed in any preceding claim 
wherein the polyethylene is deformed by 
extrusion to form a bar, strip, rod or tube. 

A process as claimed in any preceding claim 
wherein the linear polyethylene comprises a 
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■filler. 

A process as claimed in any preceding claim 
wherein the workpiece is extruded under 
hydrostatic pressure through a reducing die. 

A process as claimed in claim 6 wherein the 
hydrostatic extrusion is draw-assisted 
hydrostatic extrusion. 

A process as claimed in any preceding claim 
wherein the ambient pressure at which the 
deformation is effected is atmospheric pressure. 

A process as claimed in any preceding claim 
wherein the polyethylene is subjected to a 
deformation ratio of from 4 to 20. 

A process according to claim 9 wherein the 
deformation ratio is from 8 to 14. 

A process for imparting extended chain 
crystalline morphology to linear polyethylene 
having a weight average molecular weight of at 
least 300,000, preferably at least 350,000, 
which process comprises providing the linear 
polyethylene as solid particulate material, 
compacting the material by melting only a 
surface layer of the particles to form a solid, 
cohered material which is then subjected to a 
temperature and pressure at which the linear 
polyethylene crystallises in an extended chain 
morphology so that the melting point of the 
polyethylene is increased to at least 139.5 C 
and the density is increased to at least 
0.98g/cm^. 
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12. A process as claimed in claim 11 wherein the 
compacted polyethylene is heated to a 
temperature above 220°C while being 
maintained in the solid phase by applied 
pressure. 

13. A process as claimed in either o£ claims 11 or 
12 wherein the polyethylene is subjected to a 
pressure o£ at least 350 MPa during the 
crystallisation. 

14. Oriented linear polyethylene having a weight 
average molecular weight o£ at least 350,000, 
and preferably from 350,000 to 1,00,000 which 
has been deformed to a deformation ratio of 
from 3 to 20, and which has a Young's modulus 
of at least 30 GPa and has a melting point of 
at least 139. 5°C. 

15. A process as claimed in claim 1 and 
substantially as hereinbefore described in the 
example. 

16. Polyethylene when produced by the process 
claimed in any one of claims 1 to 13 or 15. 

17. A set hydraulic cementitious or organic 
thermoset mass which incorporates as 
reinforcement polyethylene according to claim 
14 or claim 16. 
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(54) PRODUCTION OF CROSSLINKED 
POLYOLEFIN MOLDING 

(57) Abstract: 

PURPOSE: To obtain a crosslinked polyolefin molding 
improved in the dispersion of degree of crosslinking in 
the direction of the thickness by irradiating a crystalline 
polyolefin with various ultraviolet rays of different wave- 
lengths under specified temperature conditions. 
CONSTITUTION: The objective molding is obtained by 
irradiating a crystalline polyolefin with various ultravio- 
let rays of different wavelengths under the conditions 
of a temperature equal to or higher than the crystalline 
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melting point of the crystalline polyolefin. When the 
crystalline polyolefin is at a temperature equal to or 
higher than its crystalline melting point, its entire crys- 
talline part is in a molten state, and the transparency is 
good. Therefore, the markedly improved transmission 
efficiency of ultraviolet rays increases the crosslinking 
efficiency. Polyethylenes such as low-density polyethy- 
lene, high-density polyethylene, linear polyethylene, 
ultralow-density polyethylene and ultrahigh-molecular- 
weight polyethylene are particulalry desirable as the 
crystalline polyolefins because they can give moldings 
of high crosslinking efficiency. 
COPYRIGHT: (C)1992,JPO&Japio 
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(54) ULTRAHIGH-MOLECULAR-WBGHT 
POLYETHYLENE COMPOSITION 



(57) Abstract 



CONSTITUTION: 1130 ptB.wL ultrah®h-mol.-wt PE having 
an ava^e mol.wt of 1000000 or higher is compounded 
with 20-100 pte.wt macromonwnsr hav»ig a ^up 
reaGlivB with y-rays or electron beams attached to at 
l^at one nnolecul^ end (e.g. a butadiene 
macromonomer). 



PURPOSE: To prepare the title compsn. excellent in 
mechanical properties, flowability, and mddability by 
compounding a specific PE and a specific macromonomer COPYRIGHT: (C)1 ^2,JPO&Japio 
in a specified naUo. 
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(54) PREPARATION OF SLIDING SHEET 



(57) Abstract: 

PURPOSE: To obtain a sliding sheet having improved 
w/ear resistance, by heat- treating a sheet obtained 
by molding powder of an ultrahigh molecular weight 
polyethylene in such a way that its dimension is not 
changed, crosslinking it to provide a specific gel frac- 

CONSTITUTION: Powder of an ultra-high-molecular- 
weight polyethylene (> 1,000,000 molecular weight 
by viscosity method) is fed to a mold, compression 
molded previously at normal temperature at about 



150W300l<g/cm , the pressure is lowered to about 
50W100kg/cm^, the temperature is raised to > the 
melting point so that it is melted and molded. The 
pressure is then raised to about 150W 300kg/cm^, the 
polyethylene is annealed to room temperature in this 
state to give a block, which is processed into a sheet 
with about 0.05W0.5mm thickness by a lathe, etc., the 
sheet is heat-treated usually at 90°CW the melting 
point (preferably 110W125°C) in such a way that its 
dimension is not changed by fixing it into a frame, etc., 
and crosslinked by ionizing radiation, etc. to provide 
60W90% (preferably 70W80%) gel fraction, so that a 
sliding sheet is obtained. 
COPYRIGHT: (C)1983,JPO&Japio 
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(54) MANUFACTURE OF LENS OF REFRACTIVE 
INDEX DISTRIBUTION TYPE 

(57) Abstract: 

PURPOSE: To obtain a refractive index-distribution 
type lens body for image transmission elements by a 
method in which a transparent gel substance obtained 
by partly polymerizing a network-structured polymer- 
formable monomer is masked by leaving the neces- 
sary portion of its surface and a monomer to form poly- 
mer having different refractive index is diffused into the 
gel substance and polymerized by closely contacting 
the mask and the gel substance. 
CONSTITUTION: A monomer (e.g., diethylene gly- 
col bisallyl carbonate) or monomer mixture to form a 
network-structured polymer (copolymer) is mixed with 
an initiator and benzophenone, cast into molds 3, and 
partly polymerized to form a transparent substance 4. 
A light-shield mask 5 is formed on the surface of the 
substance 4, an opening 6 matched to the plane pat- 
tern of a lens is provided, and light or electron rays are 
irradiated to the substance 4 to partly harden the ir- 
radiated part of the substance 4 to form a mask layer 
8. A monomer 9 to form a polymer having different re- 
fractive index is then contacted with said polymer and 
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diffused into the gel substance 4 and polymerized to 
obtain an objective lens of refractive index-distribution 
type. 
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(57) Abstract 

A method for producing a UHMWPE product (19) with enhanced planar mechanical properties. An initial UHMWPE 
semicrystalhne morphology is solid-state deformed under compression in a mold (10) comprising a mold cavity (16) with an un- 
enclosed perimeter zone (17) with a reservoir (17a) enabling flow-through (17b) for molded UHMWPE. A polymer preform is 
oriented and extended in more than one direction in the mold cavity (16) and the perimeter zone (17, 17a). The oriented and ex- 
tended UHMWPE is cooled under compression to ambient temperature for maintaming the maximum orientation and extension 
attained during the solid-state deformation process. The UHMWPE product (19) has a markedly transformed morphology, as 
compared with the initial UHMWPE morphology. The product (19) comprises oriented and extended molecular chains in more 
than one direction and exhibits markedly enhanced mechanical properties in more than one direction, the magnitude depending 
on the extent of deformation. 
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4 "A PROCESS FOR PRODUCING UHMWPE PRODUCT" 

5 
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8 S£SCIFI£ATION 
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10 



11 Field of the Invf>nt-inn 

12 ^^^^ invention relates to a novel solid-state- 
^3 deformation process for producing ultra-high-molecular- 

weight polyethylene products of both simple and complex 
shapes, with enhanced mechanical properties. it also 

16 relates to the resultant product. 

17 

18 B ackground of the. Inventinn 

19 °f controlling the magnitude and the 
directionality of the physical and mechanical properties of 

2^ polymers has been a subject of considerable interest to 

22 polymer engineers in recent years. Whereas the magnitude 

23 has been the basic objective of numerous molecular 
2_j deformation processes by which the tensile properties can 
25 be^ enhanced significantly, as a result of the chain 
2g orientation and extension in some particular direction, 
27 usually the machine direction, the directionality has been 
23 traditionally addressed by the construction of fiber- 
2g reinforced composite structures. in conventional melt- 
3Q processing, where the objective is the conversion of a 
3^ polymer raw material into a solid product of some specific 

32 shape, the traditional approaches of controlling the 

33 thermomechanical history of the polymer melt have not been 

34 efficient enough for controlling the properties of the 

35 final product. The reason is that some of the chain 
3g orientation and extension obtained (produced in the feeding 
37 and/or processing zones) has tended to relax through an 
38 
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uncontrolled molecular relaxation process before the 
polymer has been completely solidified in the forming 
and/or shaping stage. The basic objective of obtaining a 
product of some specified shape has been met, but such a 
product has had non-isotropic properties. 

Homogeneous polymer structures (i.e., structures 
without fillers or fiber reinforcement) with enhanced 
mechanical properties in planar directions have been 
produced recently. This has been done by induced 
crystallization under curvilinear flow conditions and by 
solid-state-forming processes. This has resulted in 
products with multiaxial chain orientation and extension 
and products with an overall biaxial (but unbalanced) chain 
orientation and extension. The first approach is more 
suitable for processing readily melt-processable polymers 
by rapid output processes, whereas the latter approach can 
be used also for processing more intractable polymers, such 
as ultra-high-molecular-weight polyethylene. 

For example, a solid-state-forming process of Dow 
Chemical (known as the SPF Process) , is a process for the 
development of containers with biaxial orientation; the SPF 
Process comprises the forging of a lubricated polymer 
preform or a briquette, at a temperature between the 
softening point and the melt point of the polymer, into a 
sheet preform, which is automatically clamped and cooled at 
its periphery and then plug-assist and pressure-formed into 
a cooled mold to the shape of the finished article (the 
container) . Although the overall orientation of the 
product is biaxial and results in the substantial 
enhancement of its mechanical properties, the way it is 
generated is unbalanced and cannot be controlled to vary 
topologically in a non-symmetrical fashion (i.e., unlike 
the deep-draw process) . 

Similarly, the solid-state-forming process 
disclosed in U.S. Patent No. 4,747,990 involves the shaping 
of a polyethylene resin in a closed-mold configuration; the 
deformation of the polymer (and hence the degree of chain 
orientation) is non-uniform in different parts of the 
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product, e.g., of the material close to and against the 
plunger versus the material against the lower part of the 
mold cavity. 

Both the SPF Process and the process disclosed in 
Patent No. 4,747,990, as well as other solid-state-forming 
processes, e.g., the matched mold forging process, operate 
under "closed mold" conditions. In the SPF Process the 
outer clamping ring on the periphery of the mold provides 
a physical constraint to the maximum deformation that one 
can deform the polymer under compression during the forging 
step for the fabrication of ' the sheet preform. Similarly, 
in the other processes, e.g., the process of U.S. Patent 
No. 4,747,990, the maximum deformation is controlled by the 
ratio of the polymer preform dimensions to the mold 
dimensions. 

In addition, many applications may benefit from 
the development of products with enhanced planar mechanical 
properties and these require good dimensional stability. 

In the case of ultra-high-molecular-weight 
polyethylene it is very difficult to control this important 
parameter: first, because this polymer is dimensionally 
unstable, even during a simple machining operation? second, 
because when this polymer is oriented, it exhibits a 
remarkable springback, which also affects the magnitude of 
the properties of the final product. (Springback refers to 
the tendency of a formed product to revert partially to its 
original configuration after removing a compression or 
tension load, and it is a major concern in solid-state- 
forming operations.) 

Thus, the fabrication of ultra-high-molecular- 
weight polyethylene products to achieve enhanced mechanical 
properties and good dimensional stability is a challenging 
task. Also, it is important to realize that polymer 
structures with enhanced planar mechanical properties can 
be used at substantially reduced thicknesses, thus reducing 
the unnecessary bulk of material that is currently used in 
many applications for increasing their load-bearing 
performance. For example, in the case of orthopaedic 
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prosthetic products, e.g., acetabular liner and tibial 
plates, their thickness can be reduced without sacrificing 
their mechanical performance. 

An object of this invention is the fabrication of 
a molded ultra-high-molecular-weight polyethylene product 
with enhanced and balanced planar mechanical properties and 
controlled dimensional stability. 

Another object of this invention is the 
fabrication of such an ultra-high-molecular-weight 
polyethylene product by using an "open mold" configuration. 

Another object of this invention is the 
compression molding of an ultra-high-molecular-weight 
polyethylene to a deformation ratio which is unrelated to 
the ratio of the physical dimensions of the polymer preform 
and the mold cavity and, in contrast, depends only on the 
material properties of the polymer under the employed 
processing conditions. 

A further object of this invention is the 
fabrication of wear-bearing ultra-high-molecular-weight 
polyethylene products of thinner load, having enhanced 
mechanical properties. 

Summarv of the Invention 

This invention produces ultra-high-molecular- 
weight polyethylene products with enhanced and balanced 
planar mechanical properties, it includes the product and 
a method of making such products for applications 
benefiting from their enhanced mechanical properties and 
abrasion performance with enhanced load and/or wear bearing 
capacity. 

Under the scope of this invention, the term 
"ultra-high-molecular-weight polyethylene" (UHMWPE) , means 
those polyethylenes which have been defined by ASTM as 
those linear polyethylenes which have a relative viscosity 
of 2.3 or greater at a solution concentration of 0.05% in 
decahydronapthalene. This definition applies alike to the 
description that follows and to the claims. 
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The nominal weight average molecular weight of the 
so-defined UHMWPE is several million; it is greater than 
three million and usually from three to six million; 
however, other linear polyethylenes of weight-average 
molecular weight greater than 500,000 and preferably above 
one million are included within the definition first given. 

The present invention provides for the preparation 
of an UHMWPE product with balanced chain orientation and 
extension and hence superior mechanical properties. The 
product is made by compression molding UHMWPE in the form 
of a preformed solid blank heated at between 80°C and the 
melting temperature of the polymer used, e.g., 
approximately 140°C for the as-received powder stock, and 
preferably between 100°C and 130°C, using a non-enclosed 
mold design which is heated in the range of 120°C and I80°c, 
especially between 120°C and 165°C in which the UHMWPE 
preform can be biaxially deformed under extensional or 
shear flow conditions. The product is preferably deformed 
to a deformation ratio which strictly depends on the 
material properties of the UHMWPE at the processing 
conditions. The product is simultaneously shaped into the 
final product. 

Because a so-produced UHMWPE has enhanced 
mechanical properties, the final product can be designed to 
have a reduced thickness dimension, as compared to UHMWPE 
produced currently by conventional molding or machining. 

The processing methodology of the present 
invention comprises the solid-state deformation of the 
UHMWPE preform of a cylindrical or other suitable shape by 
compressing it between two molding plates (incorporating 
the actual mold cavity with the practically moldable design 
or geometrical details) to produce the shape of the final 
product, and a perimeter access zone for allowing the 
excess of polymer in the mold cavity to deform past the 
mold cavity for the purpose of controlling the extent of 
the deformation of the polymer in the mold cavity. The 
extent of deformation in the polymer can be determined from 
the thickness reduction ratio of the polymer preform to its 
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deformation to the final product, or alternatively by the 
displacement of fiducial marks on the surface of the 
preform. The polymer deforms in the solid-state past the 
mold cavity to the mold plate boundaries or beyond. 

By deforming the polymer past the actual mold 
cavity a) the extent of the molecular chain extension and 
orientation can be controlled throughout in the final 
product, an important objective of this invention and b) 
the excess polymer which deforms past the mold cavity acts 
as an in-situ-generating tenter frame which can hold the 
compression deformed polymer in the mold cavity under 
tension when the compression load is removed after cooling 
the mold to ambient temperature and hence aid in retaining 
the attained chain orientation and extension past the 
15 compression operation. The so-compression-deformed product 
in the mold cavity can be maintained attached with the 
deformed polymer in the perimeter zone for sufficient time 
after processing until the polymer relaxes in its deformed 
state or for post-processing such as cross-linking 
radiation under tension; alternatively; it can be cut off 
by stamping or other process. 

Unlike the conventional compression molding 
process or the solid-state-forming processes of the prior 
art, the process of this application requires the 
employment of high pressure of greater than 20 MPa and 
preferably above 50 MPa for a) controlling the uniformity 
of the chain orientation and extension in the product and 
b) for undercooling the polymer preform when the mold 
temperature is maintained above the melting temperature of 
the polymer. 

This processing approach is versatile. It makes 

possible: 

1) the fabrication of products with enhanced 
mechanical properties and having practically any planar 
shape, 

2) the fabrication of products with planar or 
three-dimensional chain orientation and extension. 
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3) the fabrication of products with enhanced 
planar mechanical properties by solid-state deforming to a 

3 deformation ratio which depends only on the material 
^ properties of the polymer, rather than the physical 
5 constraints of the mold cavity, 

4) the fabrication of products with mechanical 
properties which can be designed to be topologically 

2 different. This can be accomplished by the use of a 
9 polymer preform with larger dimensions and geometrical 
10 configuration different from the mold plates. 

5) the fabrication of composite products with 
12 enhanced planar mechanical properties comprised of the same 
1^ or different polymer resins, 

6) the fabrication of fiber-reinforced composite 

15 products comprised of a biaxially solid-state deformed 

16 matrix of UHMWPE or other suitable polymer resin and UHMWPE 
1'^ or other suitable reinforcing fibers e.g., aramid (Kevlar) , 
1^ glass, and carbon fibers. 
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Brief Description of the DrawincrH 

Fig. 1 is a schematic representation in 
perspective of an opened mold embodying the principles of 
the present invention. The mold may be circular, 
rectangular, or of any other shape. A polymer preform is 
shown between the mold plates. 

Fig. lA is a perspective schematic representation 
of a mold preform before it is placed between the two mold 
halves and the mold closed. 

Fig. IB is a perspective view of the molded 
product removed from the mold. 

Fig. IC is a similar view of the product which 
results from trimming the perimeter polymer compressed from 
the product of Fig. IB. 

Fig. 2 is a schematic diagram similar to Fig. i, 
of a polymer preform, both outside the mold and between a 
pair of mold plates (Fig. 2A) as it is being deformed (Fig. 
2B and 2C) into a final disc-like product (Fig. 2D) , and 
it shows a plurality of different stages of the process. 
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Three stages, A, B, and C are shown. The lines in the 
2 preform in Figs. 2A, 2B and 2C indicate the direction of 
^ the material flow (in the plane of the paper) during the 
^ compression process. Three stages. Fig. 2A, Fig. 2B and 
^ Fig. 2C are shown. The lines in the preform in Fig. 2A, 2B 
6 and 2C indicate the direction of the material flow (in the 
^ plane of the paper) during the compression process. 
^ Fig. 3 is a schematic diagram like that of Fig. 2, 

^ with a polymer preform (Fig. 3A) comprised of three layers 
of the same polymer, again at a plurality of different 
1^ stages of the process (Figs. 3B and 3C) . A larger number 
^2 of layers can be deformed simultaneously in this 
arrangement. Also, the middle layer (s) can be fiber 
filled, whereas the outside layers can be unfilled. Again, 
three stages. A, B, and C are shown, and the final product 
is shown at Fig. 3D. The lines in the preform in Figs. 3A, 
3B and 3C indicate the direction of the material flow (in 
the plane of the paper) during the compression process. 

Fig. 4 is a schematic diagram of a similar mold 
with an UHMWPE preform between the mold plates (Fig. 4 A) 
as it is being deformed (Figs. 4B, AC, and 4D) into an 
acetabular liner (Fig. 4E) , and shows it at a plurality of 
2^ different stages of the process. The liner is the preform 
2^ in Figs. 4A-4E. The lines in the preform 13 indicate the 
25 direction of the material flow (in the plane of the paper) 
2^ during the compression process. 

^"^ Fig. 5 is a similar diagram of a modification of 

2^ the schematic view of the mold in Fig. 4, in which one part 

of the mold cavity can be moved relative to the rest for 

^'^ controlling the deformation in the product topologically . 

^■^ Steps 5A, 5B, 5C and 5D are shown as well as the final 
32 

product of 5E. The lines are a preform in Figs. 5A-5E. 
The lines in the preform 13 indicate the direction of the 
material flow (in the plane of the paper) during the 
compression process. 

Fig. 6 is a similar diagram of a schematic 
^"^ modification of the preform in Fig. 3 which is comprised of 
two layers of UHMWPE and a layer of woven or knitted 
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reinforcing fibers is shown as Fig. 6A; and molding stages 
6B and 6C are shown as well as the final product of Fig. 
6D. The lines in the preform in Figs. 6A-6D indicate the 
direction of the material flow (in the plane of the paper) 
during the compression process. 

Fig. 7 is a reproduction of a photograph of an 
acetabular liner as prepared by this invention, which 
besides its enhanced mechanical properties, is also fairly 
transparent, as shown by the print beneath. A product 
produced by conventional molding or machining is opaque. 

Fig. 8 is a schematic diagram of a mold with an 
UHMWPE preform between the mold plates as Fig. 8A and at a 
stage (Fig. 8B as it is being deformed into a tibial plate; 
and as a final product Fig. 8C) . The lines in the preform 
in Figs. 8A, 8B and 8C indicate the direction of the 
material flow (in the plane of the paper) during the 
compression process. 

Fig. 9 is a reproduction of a photograph of a 
tibial plate as prepared by this invention. Again the 
product of this invention besides its enhanced properties, 
is fairly transparent (as shown by the print beneath) , in 
contrast to the conventionally produced product. 

Fig. 10 is a graph, showing tensile stress, versus 
% elongation behavior of an UHMWPE prepared by (a) this 
invention and (b) conventional compression molding. 

Fig. 11 is a view similar to Fig. i in which the 
perimeter zone is in the form of a reservoir. 

Description of S ome Preferred EmbodiTOent^ 

According to the invention, solid-state deformed 
products with enhanced and balanced mechanical properties 
can be made with high-molecular-weight polymers such as 
ultra-high-molecular-weight polyethylene by: first 
preparing the UHMWPE preform and, subsequently, processing 
it, using an open-mold configuration 10 of Fig. i. 

There is an upper mold plate ii, a lower mold 
plate 12, and a polymer preform 13. The UHMWPE can be 
obtained from ram-extruded or compression-molded stock. 
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U.S. Patent No. 4,587,163 discloses that the use of a high 
temperature, i.e., above 220°C, results in a homogeneous 
melt-crystallized morphology in comparison with a melt- 
crystallized morphology prepared below 220°C. A UHMWPE 
preform 13 prepared at above 220°C under, e.g., a pressure 
of 15,000 psi has better mechanical properties and, upon 
its solid-state deformation using the methodology of this 
invention, exhibits better optical properties than a 
preform prepared at less than 220°C and therefore not having 
the complete fusion of the UHMWPE. 
'^'^ The processing methodology of this invention 

12 comprises the following two steps: a) the thermal 
1^ condition of the preform and b) its solid-state 
■^^ deformation. 

•^^ The UHMWPE preform 13 can be heated, prior to its 

1^ use for the deformation step, outside the mold or in the 
mold to 80-130°C and preferably between 120°C and 130°C. 

The mold in Fig. 1 comprising the mold cavity 16 
1^ and the perimeter zone 17 can be heated to a temperature 

20 range of 100-180°C and preferably between 12Q''C and 165°C. 

21 The particular mold temperature setting may not coincide 

22 with the temperature of the preform prior to its 

23 deformation. A suitable choice of temperatures can be made 
2"* in consideration of the deformation cycle, which can be as 
25 short as several minutes and the compression-load 
2^ conditions. 

^"^ After heating the polymer preform 13 and the mold 

10 to some particular temperatures, the polymer preform 13 
is compressed between the mold plates 11 and 12 in Fig. 2A 
so that it is deformed in the solid state between the 
plates 11 and 12 to or beyond the mold boundaries 14 and 15 
in Fig. 2B to form a perimeter polymer mass 18 in Fig. 2B. 
The deformation takes place under a gradually increasing 
compression until the maximum pressure is reached. After 
the maxim'um pressure is reached, the mold 10 in Fig. 2 is 
cooled to ambient temperature; the cooling time can be as 
short as a few minutes, if rapid cooling is preferred. 
After cooling to ambient temperature, the product shown in 
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^ Fig. 2D comprising the final shaped product 19 with the 
enhanced properties and the perimeter polymer mass 18 is 
3 removed. The final product 19 in Fig. 2D can be separated 
from the perimeter mass 18 by stamping or other process 
after its removal from the mold lO, or after thermal 
(annealing) or post-processing conditions, e.g., radiation 
^ cross-linking. 

Unlike the prior-art solid-state-forming 
^ processes, which involve the solid-state deformation of the 
polymer to an extent (deformation ratio) which is 
determined by the relative dimensions of the preform and 
the mold cavity, in the process of the invention the 
deformation ratio is controlled by the material properties 
of the polymer under the employed temperature and pressure 
conditions during the deformation process. A balance of 
" the deformation ratio in different directions can be 
attained by adjusting the shape of the preform relative to 
the shape of the mold cavity, by adjusting the gap and the 
shape of the perimeter zone in different locations and by 
moving selected components of the mold cavity (Fig. 5) . 

^^9. 2 shows the deformation of the preform 13 
during its compression into the final product 19. The 
3 shaded portion in Fig. 2D shows the removed perimeter 
polymer 18. At Fig. 2A the mold 10 with its upper plate 11 
and its lower plate 12 are shown, along with polymer 
preform 13. The lines in the deforming preform 13 indicate 
the direction of the material flow (in the plane of the 
paper) during the compression process. 

Fig. 2 shows the polymer preform 13 at different 
stages of its deformation under compression in the mold. 
The preform in the mold at the beginning of the deformation 
is shown in Fig. 2A, at an intermediate stage in 2B and at 
the end of the deformation in 2C, The final product 19 is 
shown at 2D. The shaded portion in 2D shows the removed 
perimeter polymer component 18. In Fig. 2 at A the polymer 
preform 13 is placed in the mold 10 and the mold 10 is 
still under no compression. At 2B the plates 11 and 12 are 
compressed towards each other, compressing the polymer 
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1 preform 13 and resulting in its deformation. The deformed 

2 preform is comprised of a portion 19 in the mold cavity 16 

3 and a perimeter polymer component 18 which accumulates in 

4 the perimeter zone 17 of the mold beyond the mold 

5 boundaries 14 and 15. At 2C there is further compression, 

6 and where the so produced polymer configuration is removed 

7 from the mold 10 after its cooling to ambient temperature 

8 and is separated from its perimeter polymer component 18, 

9 it becomes the final product 19 shown in 2D. 

Fig- 3 shows the polymer preform 13 comprised of 

11 three layers 13A, 13B, and 13C of the same UHMWPE resin at 

12 different stages of its deformation. Under compression in 

13 the mold, the preform 13 in the mold 10 at the beginning of 

14 the deformation is shown in 3A, at an intermediate stage 

15 in 3B, and at the end of the deformation in 3C. The final 

16 three-layer product 19A is shown in 3D; the shaded portion 
1"7 in D shows the removed perimeter polymer component ISA. 

"^^ In Fig. 3A the polymer preform 13 comprised of the 

19 three layers 13A, 13B and 13C of UHMWPE is placed in the 

20 mold 10, and the mold 10 is still under no compression. 

21 At Fig. 3B, the plates 11 and 12 are compressed toward each 

22 other as described above, compressing the polymer preform 

23 13 and resulting in its deformation. At 3C there is 
2'i further compression, as explained above and in the 

25 examples, to give a polymer configuration comprised of a 

26 laminate product 19A in the mold cavity 16 and a perimeter 

27 polymer component ISA in the perimeter zone 17 of the mold 

28 which, when removed from the mold 10 after its cooling to 

29 ambient temperature and separation from its 
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perxmeter 

polymer component 18A, it becomes a final product 19A shown 
in 3D. 

Fig. 4 shows the deformation of ultra-high- 
molecular-weight polyethylene preform 13 into an acetabular 
liner or a product 19 that at least looks like an 
acetabular liner. Again, the sheet-like portion in 4D 
shows the removed perimeter polymer 28. 

In Fig. 4A an open mold 20 with an upper mold 
member 21 and a lower mold member 22 is shown with a 
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polymer preform 13 between them. The dotted lines indicate 
the boundaries of the mold cavity 26 from the perimeter 
zone 27. At 4B the upper plate 21 compresses the preform 
13, so that part of it flows down into a cavity 26 at Fig. 
4B within the lower member 22. At 4C the compression 
continues and at 4D a product comprised of portions 29 and 
28 is shown which when is removed from the mold 10 after 
its cooling to ambient temperature and separated from its 
9 perimeter component 28, it results in the final acetabular 
0 liner 29 in Fig. 4E. 

Fig. 5 shows the deformation of ultra-high- 

12 molecular-weight polyethylene preform 13 into an acetabular 

13 liner 39 or a product that at least looks like an 

14 acetabular liner under conditions which involve the 

15 particular displacement of a plunger member 30 (see 5A, 5B 

16 and 5C) of a top plate 31 to accomplish the compression 

17 deformation of the preform first in a mold cavity 3 6 of a 

18 lower plate 32 and then the displacement of the top plate 

19 member 31 to accomplish the compression deformation of a 

20 the perimeter polymer 38. The so-produced product 
comprised of portion 39 and 38 shown in 5D, when removed 
from the mold after its cooling to ambient temperature and 
separated from the component (38), it results in the final 

2-i product 39 shown in 5E. 

^^"3-6 shows the polymer preform 43 comprised of 
three layers 43A, 43B, and 43C of the same UHMWPE resin at 
different stages of its deformation under compression in 
the mold. The two outside layers 43A and 43C of the 
layered polymer preform are of semicrystallized UHMWPE and 
the middle layer 43B of woven or knitted UHMWPE high 
modulus and strength fibers. The preform 43 in the mold at 
the beginning of the deformation is shown in 6A, at an 
intermediate stage in 6B and at the end of the deformation 
in 6C. The final fiber reinforced laminate product 49 of 
UHMWPE with UHMWPE fibers is shown in 6D. 
37 ^" ^he polymer preform 43 is placed in the 

mold and the mold is still under no compression. At 6B the 
plates 11 and 12 are compressed toward each other as 



25 



wo 90/11060 



PCr/US90/01271 



11 
12 



-14- 



described above, compressing the polymer composite preform 
and resulting in its deformation. At 6C there is further 
deformation as explained above to give a polymer 
configuration comprised of a laminate component 49 in the 
mold cavity and a perimeter polymer component 48 in the 
perimeter zone of the mold which when removed from the mold 
after its cooling to ambient temperature and separation 
from its perimeter polymer component 48, it becomes a final 
fiber reinforced laminate product 49 shown in 6D. During 
the compression steps from 6A to 6C, the reinforcing fiber 
layer 43B is kept under tension. 

Fig. 7 is a photograph of an acetabular liner 50 
as prepared by this invention, which, besides its enhanced 
mechanical properties, is also fairly transparent. In 
comparison, a product produced by conventional molding or 
machining is opaque. 

Fig. 8 shows a schematic diagram of a mold 60 with 
an DHMWPE preform 63 of 8A as is being deformed in 8B into 
a tibial-like plate product 69 between mold plates 61 and 
62. After separating the plate product 69 from its 
perimeter polymer 68, it becomes the tibial plate 69 shown 



21 

22 in sc. 

^■^ Fig. 9 is a photograph of a tibial plate 69 as 

24 prepared by this invention. Again, the product 69 of this 

25 invention is transparent in comparison to the 
2^ conventionally produced products. 

Fig- 10 is a graph that shows the stress versus & 
22 elongation behavior of an UHMWPE prepared by (a) this 
29 invention and (b) conventional compression molding. 

Fig. 11 is a schematic view of a modified form of 
mold having a reservoir separated from the mold cavity by 
^2 a flow-through region. 
33 

Example 1 

In one experiment, an UHMWPE cylindrical preform 
13 (diameter 3 inches) prepared according to the 
methodology of U.S. Patent No. 4,587,163, by heating a 
■^^ powder stock (Hostalen 412 GUR, weight average molecular 
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^ weight greater than 3 million) to 3 00°C and then cooling to 
140-150°C and compressing it under 15,000 psi and then 
cooling it further to ambient temperature, was heated by 
air convection in an oven to 90°c (the temperature was 
measured by a thermocouple inside a reference preform of 
the same dimensions) , and was placed in the mold 10 of Fig. 

■7 2 which was preheated to 130°C. Then, the preform 13 was 

8 compressed under a pressure of 100 MPa into a disc-like 

9 product of deformation ratio approximately 3, as determined 
10 from the displacement of marks, in the mold cavity 16 and 

a perimeter polymer 18 in the perimeter zone 17 as shown in 
Fig. 2B and 2C. After the maximum pressure is reached, the 
mold is cooled to ambient, and the final product 19 with 
the attached perimeter polymer mass 18 is removed from the 
mold 10 and separated from the polymer mass is by 
machining. Upon removal from the mold and separation from 
the perimeter polymer mass, the product 19 "shrinks" by 
springback by only -8%. The product (3 mm thick) is 
transparent and free from unfused powder particles and has 
a Young's modulus of 1.3 GPa and a tensile strength of 126 
MPa at 42% elongation. 

22 

Example 7. 

In another independent experiment, an UHMWPE 
cylindrical preform 13 (diameter 3 inches) prepared from 
conventionally compression molded stock of the same UHMWPE 
resin as with Example 1, was heated to 90°C and was placed 
in the mold 10 (Fig. 2) preheated to I3 0°c and compressed 
into a disc-like product 19 of deformation ratio 
approximately 3 under a pressure of 100 MPa. After cooling 
the mold 10 to ambient temperature, the product 19 with the 
attached perimeter polymer mass 18 was removed from the 
mold and separated from the polymer mass by stamping, upon 
removal from the mold 10 and separation from the perimeter 
polymer mass 18, the product 19 "shrunk" by ~10%. The 
product 19 (3 mm thick) was transparent but with unfused 
powder particles dispersed throughout the product; its 
Young's modulus was 1 GPa, and its tensile strength 91.5 
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MPa at 104% elongation. 

2 

^ Example 3 

^ The same procedure as with Example 1 was used, 

^ with the modification that the final product 19 was 
6 separated from the perimeter polymer mass 18 three days 
after being processed. The product shrank by 1.6%. 

8 

5 Example 4 

""■^ The same procedure as with Example 2 was used, 

with the modification that the preform 13 was heated to 
12 80°C, the mold temperature was 128°C, and the compression 
1^ was 75 MPa. The product 19, after its removal from the 
1^ perimeter polymer mass 18, shrank by 3%; its deformation 
1^ ratio was 2, its Young's modulus was 0.8 GPa, and its 
16 tensile strength was 81 MPa at 90% elongation. 
17 

1^ Example 5 

'^^ The same procedure as with Example 1 was used, 

20 with the modification that a UHMWPE preform portion 13 A (a 

21 Hostalen 412 GUR) was ""sandwiched" between two thin layers 

22 13B and 13C (2 mm thick) of UHMWPE of the same polymer 

23 resin before it was placed in the mold 10 in Fig. 3. The 
2^ preform components were heated to 95°C, the mold temperature 

was 130°C and the compression was 200 MPa. The final 
product laminar 19A in Fig. 3D was transparent. An 
evaluation of the mechanical properties of one of the 
deformed thin layers (13B or 13C in Fig. 3C) after its 
separation from the final product 19A in Fig. 3D showed 
that the Young's modulus was 1.2 GPa and the tensile 
strength 92 MPa at 58% elongation. 
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Example 6 

In another independent experiment, an UHMWPE 
preform 13 (Hostalen 412 GUR) prepared according to the 
methodology of U.S. Patent 4,587,163, and described in 
Example 1, was heated to 100°C and after it was placed in 
the mold 20 (Fig. 4) which was preheated to I55°c was 
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1 compressed under 275 MPa into an acetabular shell or liner 

2 product 29 in 4D, which was separated from its perimeter 
^ polymer mass 28 after cooling the mold 20 to ambient 
^ temperature. The acetabular shell or liner 29 in 4E shrunk 

5 by approximately 1.5%. The deformation ratio of the 

6 hemispherical section of the acetabular product 29 in the 

7 mold cavity 26 was uniform and was determined from the 

8 displacement of marks on its outer surface to be 2.3. As 
shown in Fig. 7, the product 50 was fairly transparent. 
Tensile specimens prepared from ribbons cut along the 
perimeter of the hemispherical portion of the product 29 
exhibited a tensile strength of 60 MPa at a 72% elongation. 



10 
11 
12 
13 

Example 7 

In another independent experiment, an UHMWPE 
preform 13 prepared from commercially available compression 
molded stock (Hostalen GUR 412) was heated to 1Q0°C, and it 
was placed in the mold 20 shown in Fig. 4, which was 
preheated to 155°C; then it was processed under conventional 
compression molding conditions under 10 MPa i.e., in a 
closed mold configuration, into an acetabular cup product 
29. This product, when retrieved from the mold, had shrunk 
by 12% and was opaque. Tensile specimens prepared from 
ribbons cut along the perimeter of the hemispherical 
portion of this acetabular product exhibited a tensile 
strength of 35 MPa at a 318% elongation. According to 
prior literature the maximum tensile strength of 
compression molded UHMWPE is about 40 MPa. 

Example 8 

In another independent experiment, one layer 43B 
in Fig. 6 of woven UHMWPE high modulus fibers (Allied 
spectra fibers) held under tension 21 was placed between 
two layers 43A and 43C of UHMWPE (Hostalen 412 GUR) (each 
10 mm thick) , which were preheated to 120°C; this assembly 
was used as a preform which was placed in the mold shown in 
Fig. 6, which was preheated to 130°C and compressed under 
120 MPa to produce an UHMWPE laminar product 49, which was 
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separated from its perimeter polymer mass 48 after cooling 
the mold 10 to ambient temperature. The so-produced 
product 49 in 6D was comprised of a solid-state deformed 



^ matrix of UHMWPE (two layers) 43A and 43C reinforced with 



UHMWPE fibers 13 C. 
Example 9 

The same procedure as with Example 8 was used, 
with the modification that the preform 43 in Fig. 6 was 
placed in the mold 20 shown in Fig. 4 to produce an UHMWPE 
laminar acetabular shell or liner 29 comprised of two 
solid-state deformed layers of UHMWPE reinforced with a 
layer of UHMWPE fibers in between. 

Example 10 

In another independent experiment, an UHMWPE 
(Hostalen 412 GUR) square preform (1.5 in. x 1.5 in.), 
which was prepared according to the methodology of the 
U.S. Patent 4,587,163 discussed in Example 1, was heated to 
100°C and was placed in the mold 60 shown in Fig. 8, which 
was preheated to 13 0°C and was compressed into a tifaial- 
plate-like product 69 shown in 8B under a pressure of 140 
MPa. After the mold 60 was cooled to ambient temperature, 
the product 69 was removed from the mold, and the tibial 
plate 69 was separated from its perimeter polymer mass 68 
shown in Fig. 8C. The so-produced tibial plate 69 was 
transparent, in contrast to the currently produced products 
which are opaque. A photograph is shown in Fig. 9. 
Because of the geometrical complexity of the tibial plate 
69 (e.g., its thickness varied from approximately .25 in to 
.6 in. in different parts of the plate), the evaluation of 
its mechanical properties was made with tensile samples 
which were cut off and machined from its back plate side 
which was flat. The Young's modulus was 1.2 GPa, and the 
tensile strength was 87 MPa at 97.5% elongation. 
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Example 11 

The same procedure was used as with Example 10, 
with the provision that the mold pressure was 250 MPa. The 
thickness variation range of the tibial plate was reduced 
to approximately 0.12 - 0.47 in. The Young's modulus was 
1.2 GPa, and the tensile strength was 90.7 MPa at 103% 
elongation. In other words, the thickness of the tibial 
plate could be reduced without sacrificing its mechanical 
properties . 

In addition to the biomedical uses suggested in 
this patent application, there are numerous other 
applications which include impact resistant structures, 
ballistic applications, structural components combining 
wear resistance and improved creep, fatigue, and in general 
load bearing capacity. These points become apparent when 
one considered the stress -% elongation behavior of an 
UHMWPE with isotropic mechanical properties as produced by 
this patent and the conventionally molded UHMWPE in Fig. 
10. 

The UHMWPE of this application shows a small 
elastic hysterisis (i.e. the energy dissipated as heat in 
one cycle of dynamic test) , has a significantly higher 
deformation energy (i.e. energy to deform the material by 
a specified amount e.g., to a 10% strain at which the 
conventionally produced UHMWPE deforms plastically) , it has 
a much higher bearing strength (i.e. the maximum usable 
stress that can be developed by the material at a 
particular strain) and a significantly higher bulk modulus 
of elasticity (which relates proportionally to the Young's 
modulus) , and it has a higher resistance to cold flow and 
hence to creep; preliminary results show also that it has 
an impact resistance at least 2x higher from the 
conventionally molded UHMWPE. 

To those skilled in the art to which this 
invention relates, many changes in construction and widely 
differing embodiments and applications of the invention 
will suggest themselves without departing from the spirit 
and scope of the invention. Such embodiments may include 
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the solid-state deformation of the UHMWPE in a mold in 
which the perimeter zone is in the form of a reservoir 
instead of an "open" space around the mold cavity. This is 
shown in the schematic view of Fig. 11, depicting the 
polymer deformed in the mold, in which the perimeter zone 
17A is a reservoir separated by a mold cavity 16 by a "flow 
through" region 17B. The flow through region 17B allows 
excess polymer in mold cavity 16 to flow beyond the mold 
boundaries 14 and 15 for the purpose of attaining a 
particular deformation ratio in the mold cavity 16, and to 
accumulate into or fill the perimeter zone 17A. The solid- 
state-deformed product in the mold cavity 16 can be 
separated from its perimeter components generated in the 
flow through region 17B and the perimeter zone 17A 
substantially as described previously. Also, the so- 
produced solid-state deformed UHMWPE can be used as a 
precursor for its machining into a final product benefiting 
from the enhanced properties of the solid state deformed 
UHMWPE. 

What is claimed is: 
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1. A method for producing an UHMWPE product with 
2 enhanced planar mechanical properties comprising: 

solid-state deforming an initial UHMWPE 
semicrystalline morphology under compression in a mold 
comprising a mold cavity and a perimeter zone including: 

orienting a polymer preform and extending it in 
■7 more than one direction in the mold cavity and the 

8 perimeter zone to an extent which is limited by the 

9 material properties of the polymer under the employed 

0 processing conditions, which include the temperature of the 

1 initial UHMWPE semicrystalline morphology, the mold 
temperature, the compression load and the geometrical 
configuration of the mold cavity and the perimeter zone, 

deforming the excess amount of the polymer past 
^ the boundaries of the mold cavity into a perimeter zone 
surrounding the mold cavity for the purpose of controlling 
7 the deformation of the polymer product in the mold cavity, 
^ cooling the oriented and extended UHMWPE under 

' compression to ambient temperature for maintaining the 
' maximum orientation and extension attained during the said 

solid-state deformation process, 
- separating the polymer product in the mold cavity 

' from the product in the perimeter zone of the mold cavity, 
said solid-state deformation process taking place 
at a mold temperature and compression conditions to obtain 
an UHMWPE product having a markedly transformed morphology, 
as compared with the said initial UHMWPE morphology, 

said product comprising oriented and extended 
molecular chains in more than one direction and exhibiting 
markedly enhanced mechanical properties in more than one 
direction, the magnitude depending on the extent of 
deformation . 

2. The method of claim 1 wherein the mold cavity 
is not enclosed. 

3. The method of claim 1 wherein the perimeter 
zone has a reservoir enabling the UHMWPE to flow into it. 

4. The method of claim 1 in which the said 
solid-state deformation process takes place at a mold 
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temperature and compression condition to obtain an 
equibiaxially oriented and extended UHMWPE product with 
enhanced isotropic properties." 

5. The method of claim 1 in which the said 
solid-state deformation process takes place at a mold 
temperature and compression condition to obtain a biaxially 
and extended UHMWPE with balanced properties in more than 
one direction. 

6. The method of claim 1 in which the initial 
UHMWPE semicrystalline morphology is in the form of a melt 
crystallized preform. 

7. The method of claim 1 in which the initial 
UHMWPE semicrystalline morphology is in the form of a 
sintered powder preform. 

8. The method of claim l in which the excess 
amount of the deformed polymer past the boundaries of the 
mold cavity in the perimeter zone surrounding the mold 
cavity acts as a self generating tenter frame by holding 
the deformed polymer in the mold cavity under tension after 
its removal from the mold. 

9. The method of claim 1 in which the said 
solid-state deformation process takes place with the UHMWPE 
preform heated prior to its deformation in the temperature 
range of 80-120°C at a mold temperature in the temperature 
range of 120-180°C and under a compression of at least 20 
MPa. 

10. The method of claim 1 in which the 
semicrystalline preform is made of a plurality of UHMWPE 
laminar layers which can be solid-state deformed 
simultaneously into one laminar product. 

11. The method of claim 10 in which at least one 
of the UHMWPE layers of the semicrystalline preforms is 
comprised of reinforcing high modulus fibers. 

12. The method of claim 11 in which reinforcing 
high modulus fiber layers are comprised of uniaxially 
oriented fibers, each said reinforcing layer being 
separated by a non-reinforcing layer and with its fibers in 
a different direction from the fibers in adjacent 
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1 reinforcing layers. 

^ 13 . The method of claim 11 in which the layer of 

3 fiber reinforcement is in the form of woven fibers. 

^ 14. The method of claim 11 in which the 

^ reinforcing fibers are ultra-high-molecular-weight 

^ polyethylene. 

15. The method of claim 1 in which said UHMWPE 

8 product is an orthopaedic prosthetic implant. 

^ 16. The method of claim 15 in which the 

10 orthopaedic product is an acetabular shell. 
'^'^ 17. The method of claim 15 in which the 

12 orthopaedic product is an acetabular liner. 
^'^ IS. The method of claim 15 in which the 

1'* orthopaedic product is a tibial plate. 

19. A compression mold for solid-state deforming 

16 thermoplastic polymers to obtain products with enhanced 

17 mechanical properties in more than one direction 
1^ comprising: 

'^^ ^ "'°1^ cavity in which the polymer is shaped and 

20 is oriented and extended to an extent which is dependent on 

21 the material properties of the polymer under the employed 

22 processing conditions, 
said cavity having a perimeter zone in which 

excess polymer mass in the mold cavity can deform past the 
mold cavity boundaries for flow-through for the purpose of 
controlling the deformation of the polymer product in the 
mold cavity. 

20. The mold of claim 19 wherein said perimeter 
zone has an unenclosed perimeter that enables said flow- 
through. 

21. The mold of claim 19 wherein the perimeter 

33 
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zone has a reservoir enabling the polymer to flow into it. 

22. The mold of claim 19 having movable 
components on the mold plates for applying different 
deformation conditions in different parts of the product. 

23. The mold of claim 19 having movable 
components for separating the polymer product in the mold 
cavity from the perimeter zone. 
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1 24. An orthopaedic prosthetic implant of a solid- 

2 state deformed UHMWPE in planar directions under 

3 compression to a deformation ratio greater than 1, said 
^ solid-state deformed UHMWPE exhibiting enhanced mechanical 
5 properties including a tensile strength greater than 44 
5 MPa. 

7 25. The implant of claim 24 shaped as an 

8 acetabular liner. 

9 26. The implant of claim 24 shaped as an 
10 acetabular shell. 

27. An UHMWPE with isotropic enhanced mechanical 

12 properties comprising: 

13 a solid-state deformed equibiaxially 

14 semicrystalline morphology in planar directions to a 

15 deformation ratio of about 1-4. 

28. An UHMWPE with balanced mechanical properties 
1'7 comprising; 

13 a solid-state deformed biaxially semicrystalline 

19 morphology in planar directions to a deformation ratio of 

20 about 1-4. 
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